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ABSTRACT
Granulite facies rocks from the Grenville in the
area of Ganonoque, Ontario have been studied with re-
spect to the equilibration of several elements between
garnet and biotite. These studies show that chemical
equilibrium is closely approached for Mn, Co, Cr and
Ni. The distribution of Fe and Mg between garnet and
biotite was found to be dependent on the ratio FeO/MgO
and the total CaO content of the rock. These chemical
variations in the rock are reflected in the cordierite
modal values.
Detailed investigations were made on the garnets
of a garnet-cordierite-biotite gneiss. These investigations
included grain size measurements, intergarnet distance
measurements and laser microprobe determinations of
Fe, Mg, Mn and Ca in the garnets. Conclusions are reached
as to nucleation and growth rates of the garnets and
to the volumes over which free diffusion and chemical
equilibrium with respect to the elements studied took
place. These volumes were found to be on the order of
a few centimeters and their shapes are highly controlled
by rock structures such as foliation and lineation.
A higher grade pyroxene granulite rock was also
investigated with respect to garnet and biotite equi-
librium. Somewhat larger volumes were noted and biotite
seems to equilibrate more easily than garnet.
Thoughts are given on sampling in metamorphic
rocks, the scatter in distribution diagrams and the
formation of granites by large scale diffusion.
Thesis Supervisor: William H. Dennen
Title: Associate Professor of Geology
PART ONE
(Condensed from Part Two)
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1. INTRODUCTION
In recent years, several workers have examined the
chemical equilibration of coexisting minerals in metamor-
phic rocks with varying degrees of success (Kretz, 1959,
1960, 1961, 1964; Mueller, 1961, 1962; Moxham, 1965,
Wynne-Edwards and Hay, 1963; Krank, 1959, 1961; Phinney,
1959, 1963; Moore, 1960). These attempts to define eqi-
librium relations followed two basic assumptions. First,
it was assumed that the coexisting minerals were in
internal equilibrium, i.e., that the minerals were not
chemically or physically zoned although this may be handled
in a detailed study (Hollister, 1966; Albee, Chodos and
Hollister, 1966). Second, the sample from which the min-
eral grains were separated was in local equilibrium or
the sample must be within that volume over which the same
conditions of temperature and pressure have prevailed and
chemical communication between grains is evident. Kretz,
(1960) has summed up the second criterion:
".-..it is important to consider the size
ofnaturalchemical systems (thermodynamic).
Spheres of chemical communication may be
different in size with reference to differ-
ent elements depending on their mobility
and may vary in size as a function of temp-
erature."
It is obvious that difficulties might arise if sam-
pling does not take place within equilibration domains,
and it is proposed here that many of the problems found
in the analysis of metamorphic minerals are due to sampling
without regard to the dimensions of the domain of local
equilibration. Phinney's study of the rocks from St. Paul
Island and Money Point, Nova Scotia (Phinney, 1959, 1963)
is a case in point.
IV
The primary purpose of this study is todetermine the
dimensions and shapes of the volumes or domains of equi-
libration with respect to coexisting phases in a rock of
a specific grade of metamorphism. This is a two stage
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problem which may be best attacked by first ascertain-
ing the fact of equilibrium among coexisting phases in a
region where specimens are believed to have undergone
the same grade of metamorphism. Next, the dimensions of
the equilibrium domains may be worked out by examination
of the compositions of minerals within a single specimen.
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2. GEOLOGICAL AREA OF INVESTIGATION
In sele-cting an area for metamorphic eqq~ibration
studies, tha author has endeavored to find a regionally
me'tamorphosed terrain of grat age which has most likely
been influenced by more than one regime of metamorphism.
This would seem to afford the most favorable conditions
for the attainment of chemical equilibrium between
coexisting minerals. After searching through the literature,
the area selected as being most appropriate for the present
study was that of the Ganonoque-Westport region of Ontario.
See Figure !, Part Two.
The bedrock formations underlying the Ganonoque area
are of Precambrian and Paleozoic ages (Wynne-Edwards, 1959,
1962; Hewitt, 1964). Approximately 80 percent of the area
is Precambrian rock consisting of basic and acid volcanics
and metasedimentary rocks intruded by acid and basic plu-
tonics. Age determinations indicate that the period of
orogeny, the Grenville, affected the whole of the Pre-
cambrian area (Krogh, 1964). Geologically, the region
is referred to as the Frontenac Axis; being that belt
which joins the Adirondack Highlands to the main Gren-
ville body.
Garnet, garnet-cordierite, and cordierite gneisses
form units varying from six inches to several hundred
feet in thickness within layed quartz-biotite-feldspar
gneisses. The units are continuous and have been used as
mgcer horizons for mapping purposes (Wynne-Edwards, 1959).
The mineral assemblages recorded in some of the pelitic
rocks of the eastern part of the area are listed below
( Wynne-Edwards, 1962; Wynne-Edwards and Hay, 1963).
In all of these, Quartz and either perthite or plagio-
clase plus potash feldspar are also present:
1. cordierite+sillimanite+biotite
2. cordierite+garnet+sillimanite+biotite
3. cordierite+garnet+biotite
4. cordierite+biotite
5. garnet+sillimanite+biotite
6. garnet+biotite
7. biotite
In the southwestern part of the area, the rocks con-
tain abundant hypersthene and only minor biotite (wynne-
Edwards, 1959) and have attained the pyroxene-granulite
facies. The cordierite bearing gneisses described above
might be classified as belonging to the cordierite-
amphibolite facies of Abukuma-type metamorphism (Winkler,
1965) or transitional between amphibolite facies and
granulite facies rocks (Wynne-Ewards and Hay, 1963).de
Waard, however, proposes that the cordierite-garnet
assemblages found in the Ganonoque region, and many other
localities, should be established as the biotite-
cordierite-almandite subfacies of the hornblende gran-
ulite facies. From observations made during this study,
this concept seems most likely and will be retained
throughout this paper.
Petrography of the samples.
From the 43 specimens collected, 30 which appeared
unaltered throughout were selected for detailed examination.
Thin sections were prepared for a close check on the
suitability of these samples and examination of the thin
sections further limited the number of specimens to 23.
Figure 4, Part Two shows collection localities for the
samples used in this study.
Nearly all of the thin sections showed small amounts
of chlorite or sericite replacing various minerals. For
the most part, however, alteration was limited to the cor-
dierite with some local alteration of the plagioclase.
Retrogression of the other minerals in the assemblages
present was essentially negligible in the samples chosen
for further study.
The 23 samples selected were subjected to modal analy-
sis(See Tables 1 and 11, Part Two.) and the seven best
specimens retained for the study of the spatial extent
of local equilibration.
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Chemical Composition of the Gneisses
Whole-rock spectrochemical analyses of the metasediments
used in this study were made (Table 4, Part Two). The
analytic procedure was a method of mutual standardization
modified after Dennen and Fowler,(1955).
The standard rocks G-1 and W-1 (Fairbairn and others, 1951)
along with GR (Roubault et al., 1966) and SR (Webber, 1965)
were used as standards for the analyses. Excitation para-
meters are given in Table 2, Part Two An examination of
this method with respect to precision and accuracy was
made by the analysis of rock standards. The data from this
study is given in Table 3, Part Two.
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3. ELEMENT FRACTIONATION BETWEEN COEXISTANT MINERALS
Chemical Determinations
16 specimens were selected for mineral analysis and
were subjected to the following process: Each sample was
cut into a cube, about 4.5 cm. on a side, which removed
any weathered exterior and reduced the sample to a size
over which local equilibration seems to take place (Kretz,
1959; Moxham, 1965); the sample was then fed through a jaw
crusher with the second pass giving a product about one-
quarter inch fn'size; this material was then crushed in
a hand percussion mortar of the type described by Wager
and Brown (1960) and the screened fractions -60, +100;
-100, +200 were run through routine heavy liquid and
magnetic separations.
All of the mineral separates were checked under the
petrographic microscope in a liquid whose index of re-
fraction was close to that of the mineral in question.
Because of very fine inclusions of quartz and sillimanite
in some of the garnets, some of these samples may contain
over 2% total quartz and sillimanite. Impurities in the
biotite were tiny inclusions of ilmenite, quartz and
and zircon, their total not exceeding 2% in any sample.
The garnets and biotites were analyzed in at least
two replicates by means of atomic absorption spectrophoto-
metry. Partial analyses for Fe, Mg, Mn, Ca, Cr, Co, and
Ni were made using, for the most part, standard techniques
as described in the literature (Slavin, 1965; Trent and
Slavin, 1964).
Standards for Fe, Mn, Ca, CrCo, and Ni were pure
salt solutions made by dissolving high purity compounds
of the element in 2N HC1, evaporating to dryness and
and redissolving in 0.2N H(l. Standards for most elements
weremade in two different ways for cross-checking purposes.
As a result of this, matr~ix effects were found to be negli-
gible, if at all present.
Chemical and statistical data,derived from this work,
on standard rocks and minerals are given in Table 6, Part
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Two. Except where indicated, the following summarizes the
the statistical terminology used:
n, number of observations
x, arithmetic mean
d, deviation of an observation from the mean
s, standard deviation = ± d 2/n-1
C, Coefficient of Variation = (s/2)100
The determination of FeO in the garnet and biotite
samples was performed using the titration method of
Reichen and Fahey (1962). The dissolution of the sample
took place in the presence of K2 Cr2 0' with the excess
dichromate being titrated with a standard solution of
ferrous ammonium sulphate.
Analytic Results
As described above, 16 specimens of Grenville gneiss
were selected for mineral analysis. The results of the
chemical determinations made on the garnet and biotite of
these samples are given in Tables 8 and 9, Part Two.
Judging from the studies of previous workers, the
elements Fe, Mg, Mn, Cr, V, Ni, and Co seem to equilibrate
most easily and correlate very closely to what should be
expected from crystal field theory as discussed by Curtis
(1964). It was decided then to use atomic ratios as the
measure of concentration in this study. The calculation
of these ratios is as follows:.
In garnet, the measure of concentration of di-
valent elements is the atomic ratio, total number of
atoms of the element/total number of 8-coordinated
positions minus the positions occupied by Ca atoms.
In biotite, the measure of concentration of
divalent elements is the total number of atoms of the
element/the total number of 6-coordinated positions
occupied by the divalent elements Fe +2, Mg, Mn plus
those positions occupied by Fe+3
Moxham points out the use of calculating the
proportion of atomic sites filled by a minor element
- out of the number of sites available to that element.
Calculations were then performed producing the atomic ratios
of the trace elements in question (Cr, Co, Ni) with the
following substitutions in mind:
1. In biotite 6-coordinated positions- Cr,Co; Ni
2. In garnet 8-coordinated positions - Cr, Co, Ni
Distribution of Elements between Garnet and Biotite
Some data relating to the chemistry of the gneisses
of the Ganonoque-Westport area has been published (Wynne-
Edwards and Hay, 1963). For most elements, however, they
had too little evidence to draw conclusions as to the extent
of equilibrium in these rocks. The determinations made on
the 15 samples of this study are combined with the data of
Wynne-Edwards and Hay and presented graphically below. In
some cases, i.e., the distribution of Ni between garnet and
biotite, the combined data provides information not available
in their study.
The distribution diagrams employed here are similar
to those used by Kretz,(1959) and Wynne-Edwards andHay
(1963) so that a direct comparison may be made. Data taken
from their paper is shown in Figure 10.
The principles involved in the application of chemical
phase theory to coexisting minerals has been discussed in
detail by Ramberg and Devore (1951), Kretz (1959,1961),
Mueller (1960, 1961) and McIntire (1958, 1963) and need
only be stated briefly here.
It has been shown that at constant temperature and
pressure, the chemical potential of a component in a phase
is a function of the concentration of the component, and
in the case of non-ideal crystals, the chemical potential
may also be a function of other chemical conditions within
the crystal. If the chemical potential of a component in
two coexisting phases is dependent only on concentration,
then the component must be regularly partitioned between
the two phases providing that equilibrium conditions exist.
The relationship between the chemical potential and
the concentration of any chemical species in a phasee.g.,
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A in phase 4 , is
p A + RT ln AA
where is the chemical potential of A in phase y is:
the chemical potential of A in phase , in some standard
state, i.e., in the pure phase AY or AZ at the same temp-
erature and pressure, R is the gas constant ,T is the
absolute temperature and fois the activity coefficient of
A. The composition of the phase c with respect to A is
indicated by the atomic or molecular ratio X where X =
A/A+B.
In phase /9 , an analogous equation may be set up,
9=4 *4+ RT ln fX'PAY-A fAXA
and at equilibrium
A YA
then
X/X~ = fA/A exp((p - pR)/RT) =KD
where KD denotes the distribution coefficient. If the element
in question is in ideal solution, the concentration of the
element in one phase plotted against the concentration of
the element in the coexisting phase willdefine a curve,
the distribution curve. This curve willbe a straight line
of unit slope or will be symmetricalabout such a line if
the element forms ideal solutions in both phases. If the
element does not form ideal mixtures, the curve will be
irregular although at low concentrations the curve becomes
a straight line which passes through the origin (Nernst's
Law). KD is then equal to the slope of the distribution
curve.
The distribution of Fe+2 is shown in Figure 12, Part
Two. The data , although showing a possible regular dis-
tribution, is quite scattered. This is in accordance with
the observations of Wynne-Edwards and Hay (1963) and Kretz,
(1959). Kretz observed a correlation between the distribu-
tion of Fe and Mg between garnet and biotite and the Mn
content of.the garnet and was able to assign various dis-
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tribution coefficients on this basis. No such chemical chem-
ical correlation was observed in this study. There is how-
ever, an inverse relation between the distribution. coeffi-
cient KGar/Bio and the modal ratio cordierite/cordierite+Fe
garnet+biotite. The various groupings are more easily
recognized by plotting the molecular ratio FeO/4gO for
garnet vs. the same ratio for biotite(Figure 12A,Part
Two). Three reasonably distinct groups of distribution
coefficients may then be noted according to the amount
of cordierite present..
The manganese distribution between 'garnet and biotite
is shown in Figure 14. A much greater range of atomic
ratio values is present here and altho there is considerable
scatter, a regular distribution is obvious. The distribution
coefficient KBio/Gar = 22 as compared to the value of 30
obtained by Kretz. Kretz also states that the Mn distribution
between garnet and biotite in the rocks of southwestern
Quebec was controlled by the Fe/Mg ratio of the garnet
as well as T and P. This relationship was not noted here.
It is interesting to note also that there is no correlation
with the distribution found by Wynne-Edwards and Hay(1963),
who state that at this grade of metamorphism, garnet reaches
saturation with respect to Mn at 2.3% spessartite molecule.
This study finds acceptance of the spessabtite molecule
in garnet up to at least 5 percent.
The chromium distribution between garnet and biotite
is shown in Figure 15, Part Two. The data points,although
somewhat scattered, show a fairly regular distribution
curve with slope of about 0.60. This would an affinity of
Cr for the biotite structure as opposed to garnet. In
this light, it is possible that part of the chromium sub-
stitutes for aluminum in the 4-fold coordination position.
This correlation might be exposed if the Al concentration
in biotite and garnet were known. However, Moxham, (1965)
finds, in a study of the distribution of Cr between biotite
and hornblende, that data scatter is enhanced if Cr is
assumed to substitute in the tetrahedral position. The
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data from Wynne-Edwards and Hay, (1963) shows only one sam-
ple, (WE-4-58) with a distribution of Cr similar to that
found in this study. The other samples exhibit a much
stronger partition Cr to the biotite phase.
The distribution of cobalt between garnet and biotite
is illustrated in Figure 16, Part Two. The distribution is
quite regular and the distribution coefficient KBio/GarCO
0.40 is in good agreement with data from Wynne-Edwards and
Hay, (1963).
The distribution of nickel between garnet and biotite
is shown in Figure 17, Part Two. Although the greater
number of samples show a regular curvilinear distribution,
the combination of data from Wynne-Edwards and Hay, (1963)
indicate the possibility of two further distributions in-
dicated by dashed lines in Figure 17, Part Two. An ex-
pected coherence with data for Co, Fe+ 2 and Mg, all of
similar size is not observed and the reason for the various
distributions is at present unknown.
The data of the -this study and that of Kretz,
(1959,1961) Wynne-Edwards and Hay, (1963), Phinney, (1959)
and others who have attempted to define equilibrium distri-
butions for various elementa, commonly show a considerable
scatter and indication of non-equilibrium. However, Zen,
(1963) has shown that even E a textural and mineralogi-
cal standpoint, most metamorphic rocks are in equilibrium
even at much lower grades than the rocks of this study
have undergone. The following possibilities may be the
cause of the distribution irregularities:
.1. Lack of chemical equilibrium in the rock system
2. Poor precision and accuracy of chemical deter-
minations
3. Lack of knowledge of all the variables in the
chemical system
4. Samples taken do noL reflect a single region or
domain of chemical communication and equilibrium,
, or a statistically significant number of these
domains if they are small.
The first of these possibilities may be eliminated
because both texture and mineralogy are consistent with
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thermodynamic equilibrium in metamorphic rocks as defined
by Eskola, (1915), Fyfe, Turner and Verhoogen, (1960) and
others.
The second, though still a possibility, is highly un-
likely because many workers using different analytic tech-
niques all encounter the same difficulties with respect to
the equilibration of major and sometimes minor elements.
The third possibility is a serious problem for equil-
ibration studies. Some of the parameters of metamorphism
are cryptic, and to decipher many of the variables in a
chemical study of metamorphic rocks, it is necessary to
"plot everything against everything." It is usually poss-
ible, however, to get good chemical control on the system
although this does not eliminate the scatter within the
assigned ranges of variability, (Kretz, 1959; this study).
The fundamental problem may be in the fourth poss-
ibility listed above. The size of natural chemical sys-
tems in rocks is usually an unknown quantity. Local
equilibrium is certainly established within a specific
rock under the conditions imposed upon it. However, ind-
ication of this equilibrium may be lost by irregularities
in the distribution functions if sampling is not performed
with this possibility in mind.
Throughout the literature, there has been vague and
sketchy mention of the size of the domains of local equil-
ibration (Harker, 1939; Kretz, 1960; Moxham, 1965; Phinney,
1959, 1963). Workers in the field of metamorphic equilib-
ration studies strive to collect and use small samples,
4-5 cm. in each direction, to insure "local equilibrium
conditions," Moxham (1965). This attitude was taken in the
present study and as in Kretz's 1959 paper, the poor quality
of the distributions was still evident. In this light,
Moxham (1965), in a study of element distributions between
coexisting hornblendes and biotites, found that certain
elements showed a definite distribution, whereas others
just approached equilibrium distribution and some did not
seem to.approach equilibrium at all. It may be, however,
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that in the investigation of the volumes of equilibration,
the elements which show very little regularity on a large
scale may exhibit a regularity within a small domain.
Phinney (1959, 1963) found a correlation between the
FeO/MgO ratios and the garnet to staurolite ratios in the
rocks from St. Paul Island and Money Point, Nova Scotia.
He attributed this E regularity to the small scale of
diffusion of Fe and Mg during metamorphism. Checking his
theory, he hand-picked biotite grains from several thin
sections noting the position of the grains picked. The
grains exhibited a distinctive Fe/Mg ratio when analyzed
spectrographically. Phinney found that the samples with
a homogeneous texture showed similar compositions for all
biotite grains, whereas in the less homogeneous rocks,
biotite grains showed similar compositions over a distance
of a few millimeters.
Similar observations have been made by Harker (1893,
1939) in thermally metamorphosed limestones, by Hagner,
Leung and Dennison (1965), in mafic silicates of a single
pyroxene amphibolite specimen, by Kretz (1966) in Austra-
lian biotite-muscovite-garnet gneisses and by Albee,
Chodos and Hollister (1966)_.
Thus the problem remains of assigning a specific
volume of equilibration to a particular phase with respect
to a particular element under certain conditions of metamor-
phism.
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4. A STUDY OF THE EXTENT OF LOCAL EQUILIBRATION
Description of the Samples.
Two samples were selected for the study of the shape
and size of equilibration domains. The selection was
made of the basis of:
1. Sufficient garnet and biotite for analytic
purposes.
'2. Lack of retrogression of garnet and biotite.
3. Possession of typical assemblages for the
gneisses of the Ganonoque area.
4. Rocks with two different grades of metamor-
phism were chosen to see the effect of grade on the size
of the domain of chemical communication.
5.Possession of distinct milro-structures, since it
is possible that diffusion may be largely controlled by
structural phenomena such as foliation and lineation.
The samples selected for this intensive study included
a strongly foliated biotite-garnet-cordierite gneiss (no.
17) and a pyroxene-garnet gneiss ( no. 42) with a less dis-
tinct foliation. Modal analyses for these rocks are given
in Table 11, Part Two.
Sample 17 is a medium -grained, highly foliated gneiss
with quartz, K-feldspar, garnet, biotite and cordierite
as major component minerals. Microscopically, the rock
exhibits and extremely well developed foliation with folia-
tion planes populated with biotite, sillimanite, garnet
and cordierite grains for the mostpart. Asection perpen-
dicular to the foliation exhibits severely elongated garnets
in the foliation plane. Some of these elongated garnets
contain sillimanite needles which continue uninterrupted
through the garnet. The elongated garnets also have local
inclusions of quartz, K-feldspar and biotite; the biotite
inclusions,like those of sillimanite ,retamn their orienta-
tion with respect-to foliation and lineation. The elongated
garnets are mantled by cordierite and K-feldspar.
- Sample 42 exhibits a well developed layering in out-
crop but foliation is not distinct in hand specimen due
to the lack of platy minerals. The major phase constituents
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are quartz, K-feldspar, plagioclase, orthopyroxene and garnet.
Garnet occurs as small rounded grains with sparse in-
clusions of quartz. Biotite is a minor constituent of the
rock and occurs as small ragged, unaltered grains scattered
throughout the gneiss but concentrated in pyroxene-garnet-
biotite layers.
Grain Size Analysis and Intergrain Distance Measurements.
The sizes and distribution of mineral grains in meta-
morphic rocks are needed for a-full understanding of the
physico-chemical processes affecting their nucleation and
growth. Data on the size distributions of garnet grains
has been presented by (Galwey and Jones, 1963; Jones and
Galwey, 1964 and Kretz, 1965). The distributions observed
here will be compared to those works and an attempt will be
made to decipher the growth of garnet grains in the rocks
studied.
The original specimen of Sample 17, measuring
9.0 X 7.5 X 7.3 cm.,.was trimmed with a diamond saw to remove
any weathered rind. Surfaces were cut, one parallel to (1711)
and one perpendicular to (171)the foliation and these thick
slices were in.turn cut into slabs of roughly the dimensions
of a petrographic slide. The slabs thus formed were cem-
ented to petrographic glass slides and the top surface ground
parallel to the glass base. Grinding was performed on a
lap using 400 mesh alumina.
A micrometer grinder, capable of allowing the accurate
removal of down to /1000 of an inch, was constructed as
an adaptation of one used at Iowa State University for the
study of oalites (Donald L. Biggs, personal communication,
1966).
With the use of a binocular microscope, the centers
of all garnets exposed were traced on a transparent overlay,
the coordinates of their centers determined, and the appar-
ent grain.size diameter measured by means of an ocular
micrometer. Following spectrochemical analyses of the ex-
posed garnets with a laser microprobe as described below,
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the specimen was ground parallel to the initial surface to
remove a layer of determined thickness (average = 0.25 m.m.)
and the coordinates and apparent diameters measured again.
This process was repeated until enough grains to delimit a
significant population both chemical and physical, was
measured (a total of 9 times). True grain diameters could
thus be obtained for most grains intersected at least twice,
but due to the odd shape of a great number of the garnets
some size parameters has to be estimated. The sizes of
about 2% of the garnets measured are by estimates on one or
more axes. -
Grain Size Distribution of Garnet in Specimen 17
The garnet grains range in shape from roughly spherical
to ellipsoidal. Hence, it was possible to calculate the
grain volume distribution using the equation,
Volume = d d2 d3
6
thereby converting diameters measured to volume. A summary
of grain size measurements is shown in Table 12, Part Two.
The grain size distribution was found to be bimodal as
shown in Figure 20, Part Two. The volume of the garnet
grains in the section perpendicular to the foliation range
from 0.024 to 38.59 m.m. with a bimodal distribution of vol-
umes as shown in Figure 21, Part Two. All the distributions
show a strong positive skewness. In this light, it should
be noted that it is possible that some of the smallest grains
were not sectioned during the grinding and measuring seq-
uence. However, this would not be expected to effect the
overall distribution of garnet sizes significantly.
The distributions of the long, intermediate and short
axes of the garnets in section 17 II, cut parallel to the
foliation, are shown in Figure 22, Part Two. Although it
might be expected, the prominent bimodal character of sec-
tion 17 I does not show up here. This is possibly explain-
ed by the fact that section 17 II exhibits garnets through
only one foliation surface While sectioh 17 II affords
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observation of garnets throughout the complete section of
the sample. It is certainly possible that different nucle-
ation and growth rates might have occurred in different
foliation laminae.
The distribution of diameter magnitudes of garnets in
section 17 II shows a positive skewness although this is
not nearly as marked as in the section perpendicular to the
foliation. The distribution of garnet volumesin this sec-
tion, Figure 23, Part Two, however, does show a similar
strong positive skewness as do the garnet volumes of section
17 I.
Intergrain Distance Measurements
The coordinates of the centers of all garnet grains
were noted as a routine step in the determinations of
apparent diameters. It was then possible to calculate the
distance to the nearest grain and test the randomness of
distribution of garnets in the two specimens.
The centers of garnet grains in the slabs may be con-
sidered points in a plane and the departure of the distri-
bution from randomness may then be determined by measuring
the distance to the-nearest neighbor for each grain
(Clark and Evans, 1954). The value R may range from 0 for
a distribution with maximum aggregation to unity for a ran-
dom distribution, to 2.1491 for a distribution as evenly
and widely spaced as possible.
The values R, computed both for the grain distribution,
parallel to an perpendicular to the foliation, arc only
VNITY
slightly less than,(~ 0.93). We may then infer that the
distribution of garnets in specimen 17 is very nearly random
with a possible slight aggregation. This is in good agree-
ment with macroscopic observation of these sections in which
the garnets appear to locally aggregate in trains in the
lineation direction.
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Analysis of Garnets in Matrix
The selection of an analytic system for the investi-
gation of the chemistry of many garnets distributed over
a sizable area was of fundamental concern for this study.
The electron micro-analyzer is, for many elements, a pre-
cise and accurate tool but handles only very small samples
which would not be satisfactory in a program such as this
where the garnets were studied with respect to size and
distribution as well as chemistry. Further, an electron
probe was not readily available to the author.
It was decided that the most practical tool for the
job was the laser microprobe (Brech, 1962,1963,1965,1967;
Goldman et al., 1964). This instrument, manufactured by
the Jarrell-Ash Company, has an enormous potential as a
petrographic tool.
In this study, chemically analyzed samples of silicates,
already powered and homogenized, were fused to a glass in
alumina boats at 1400 C in a combustion furnace. Chemical
data on the standards used are given in Table 15, Part Two.
Excitation parameters for the analyses of garnets in
specimen 17 are given in Table 16, Part Two. All photometry
was performed on a Hilger non-recording microphotometer.
After grinding the slabs of sample 17 and measuring the
garnet apparent diameters and the coordinates of their centers,
a slab was placed on the microscope stage of the laser
microprobe. Each garnet exposed on the slab was then "shot"
with the laser beam.
After each garnet was analyzed in duplicate-in sections
17 I (perpendicular to the foliation) and 17 II (parallel
to the foliation), the slabs were ground again to remove
0.25 m.m. as described above, and the apparent diameters
measured. Standard glasses were "shot" on every plate.
After measurement of line densities on a microphoto-
meter, and transformation of these densities to relative
line intensities by means of the photographic calibration
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curve, the following intensity ratios were calculated:
'Fe 2740 'Mg 2852
'Fe 2740+IMg 2852+iMn 4030 'Fe 2740+iMg 2852+'Mn 4030
'Mn 4030 'Ca 3158
IFe 2740+IMg 2852+Mn 4030 'Fe 2740+IMg 2852+Mn 4030+1Ca 3158
All intensity ratio data, for both the garnets and
standardswas converted to concentration data by means of
a Fortran IV program of a least squares analysis for the
IBM/360 adapted from Shaw and Bankier (1954). The program
allows a least squares regression analysis of the standard
data and gives average concentration values for replicate
analyses plus the standard deviation and coefficient of
variation for each analysis. The standard deviations of
both the slope of the analytic line and its Y intercept
are also calculated.
Precision and Accuracy
Table 17, Part Two presents the statistical data for
the various working curves and the average of the coeffi-
cients of variation for all the grains measured in each
section.
In order to evaluate the statistical data, a sample
of the standard diabase Wr-l (Fairbairn et al., 1951) was
fused to a glass in the same manner as the standards des-
cribed above. During the course of the routine deterin-
ations on the garnets, the W-1 glass was periodically "shot"
following the same procedure as for the garnets. This
operation was performed 5 times and the resulting mean val-
ues and statistical data are presented in Table 18, Part
Two.
As may be seen from the data of Tables 17 and 18, the
precision and accuracy of silicate analysis is entirely
satisfactory for most petrologic investigations.
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Results
In total, 365 garnet grains were measured in the above
manner for Fe, Mg, Mn and Ca. -Presenting an amount of data
such as this in an illustrative manner is in itself a pro-
blem. It is desirable to present the data in the context
of the rock, showing the concentration of an element in a
grain with respect to its position in the rock section.
Since tabular notation is obviously useless, it was decided
that a diagrammatic presentation showing the position of
each garnet grain along with the concentration of the ele-
ment in question would be most lucid.
Figures 28 to 31, Part Two, show the spatial distri-
bution of Fe, Mg, Mn and Ca in the garnets of section 171,
which is cut perpendicular to the foliation. A standard
error of 10% is assumed for the analyses of all the grains
and for all elements. Thus, various symbols are used to
illustrate the concentration value of an element rounded
off to the nearest decimal place. It is felt that this
procedure is certainly a liberal estimate of the concent-
ration since magnesium, with a coefficient of variation of
12.8 percent is, alone, significantly higher than 10 percent.
Figures 32, 33, 34 and 35, Part Two, show the spatial
distribution of Fe, Mg,_ Mn and Ca respectively, in section
17 II cut parallel to the foliation. The same method of
data presentation is employed here.
As the diagram of the sections indicate, the composition
of the garnets with respect to Fe, Mg, Mn and Ca is quite
variable. Groups.of garnets with the same concentration of
a particular element are quite small, indicating small
volumes of equilibration with respect to that element.
These volumes, on the average, measure only a few centimeters
in their longest direction.
Looking at the figures illustrating the spatial dis-
tribution of various elements in garnets of sction 17 I,
it may be seen that the equilibration volumes are very
small, usually measuring only a few m.m. across foliation.
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However, they are more extensive in the foliation dir-
ection. Section 17 II shows more extensive domains of
equilibration, and these are usually elongated in the
direction of lineation.
An Investigation of Possible Zoning in the Garnets
A recent discussion of zoning in garnets by Hollister
(1966) points out the problems of equilibration studies if
zoning of one or more of the minerals present is observed.
Hollister finds that the compositional variations in zoned
garnets follows a Rayleigh fractionation model (Rayleigh,
1902) where only the extreme outermost layer of the garnet
is part of the reacting chemical system at any stage of
garnet growth.
It is obvious that if the garnets of the present study
are zoned, most of the variation observed is probably due
to poor precision of the point of analysis on each garnet.
Thus, it was imperative that the garnets be inspected for
compositional zoning.
Compositional variations in the garnets of this study
were investigated on a Mark II Laser Microprobe at the
Jarrell-Ash Company in Waltham, Massachusetts. The Mark II
is the newest model of the laser microprobe and features
a non-temperature sensitive neodynium laser with controlled
output energy and a much improved optical system.
Four garnets were traversed at approximately 25 micron
intervals and intensity ratios obtained in the same manner
as discussed above. Two of the garnets examined were from
sample 17 showing minor inclusions of sillimanite. One
garnet was from sample 42 where inclusions in the garnets
are rare and the last was from sample 8 and exhibited quartz
inclusions located in a clump in the center of the garnet.
Figure 36A, Part Two, shows the Mn/Fe+Mg+Mn profile
across a garnet exposed on section 17 I which is cut per-
pendicular to the foliation. The traverse is in the short
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axis direction of one of the garnets which is elongated as
described above. As is evident from Figure 36A, Part Two,
no zoning with respect to manganese is apparent within the
limits of analytic error. Further, there was no zoning
of the garnet with respect to Fe and Mg.
A traverse across a garnet cut parallel to the folia-
tion (section 17 II) showed no compositional zoning with
respect to Mn, Fe or Mg. The profile of the compositional
ratio Mn/Fe+Mg+Mn in this grain is shown in Figure 36B,
Part Two. The profile shows a semblance of a oscillatory
zoning with respect to Mn. However, this variation is
within the limits of analytic error and a proposed zon-
ing in this grain would be purely conjectural.
Figure 37A, Part Two, illustrates the Mn profile
across a garnet from section 42 II cut parallel to the fol-
iation. No significant inhomogeneity is noted. The tra-
verse across this grain found it homogeneous with respect
to Fe and Mg as well.
The only zoning observed was along a traverse across
a garnet from sample No. 8 (see Table 8, section I) which
showed a distinct rise in the ratio Mn/Fe+Mg+Mn from about
0.020 at the edges to 0.070 near the center. The area in
which the high Mn values are located correspondsexactly
with the clump of small quartz inclusions. No inclusions
were observed in the outer regions of the grain where con-
stant low atomic ratios for Mn prevail.
Hollister (1966) has mentioned the possibility of
calcium zoning within garnets. This possibility was in-
vestigated along with Mn, Fe and Mg and no compositional
zoning with respect to Ca was observed.
Thus it is concluded that the compositional zoning
of garnets in these rocks is not prevalent and that the
variations of garnet compositions within a hand specimen
are real. Other factors which lead to this same con-
elusion are:
1. No optical zoning was evident in any garnets examined.
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2. During replicate analyses of the garnets in matrix,
no care was taken to "shoot" the same garnet in
the same place each time. This had no effect on
the precision of the determinations for the var-
ious elements within a single grain.
3. If the garnets of specimen 17 I and 17 II had been
zoned, spatial equilibration domains as described
above would not have been observed as the deter-
minations were not made on the edge of each grain,
i.e., within the reacting thermodynamic system.
The domains of equilibration with respect to Fe and
Mg in garnets of section 17 II are more extensive although
they are still elongated. This elongation is in the dir-
ection of the ,lineation which is defined by trains of
sillimanite and garnet.
In summary, the domains of spatial equilibration of
Fe and Mg in garnets were found to be quite small, ranging
from only a few m.m. to a few centimeters. The shapes of
these domains were controlled by the rock structure, i.e.,
foliation and lineation, and were more extensive along the
foliation surfaces and lineation traces than across them.
Parallel to the foliation, chemical communication of garnets
with respect to Fe and Mg took place over a maximum distance
of 4 cm. in the lineation direction and 2 cm across it.
Perpendicular to the foliation, chemical equilibrium of
garnets was limited to less than 1 cm., i.e., chemical
communication across foliation planes was limited to less
than a centimeter in most cases. The equilibration domains
are possibly roughly ellipsoidal in shape with an axial
ratio of close to 4:2:1. It is also interesting to note
that in section 17 II spatial equilibration of Fe is more
extensive than Mg. Iron shows less distinguishable domains,
but these are larger than the Mg domains. The Mg domains
of equilibration are much more regular in their orientation
in the lineation direction. This is possibly a reflection
of the relative mobilities of Fe and Mg under metamorphic
conditions.
The spatial equilibration of Mn in the garnets of
section 17 is somewhat more extensive than that.for Fe and
Mg. A distinct structural control is still evident , but
equilibration across structural features is more extensive.
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In section 17 II (Figure 34, Part Two) cut parallel to the
foliation, the domains of Mn equilibration in garnets are
at least as extensive as those for Fe, but they are less
regular in their orientation according to the lineation
direction. The axial ratios of the domains of Mn equil-
ibration, if they are assumed to be roughly ellipsoidal
in shape, are about 2:1:1.
The spatial degree of equilibration in the garnets of
sample 17 with respect to their Ca content is shown in
Figure 31 and 35, Part Two. In Figure 31, looking at the
section perpendicular to the foliation, equilibration
domains controlled by structure and those having no obvious
structural control are both observed. The structurally
controlled domains, for the most part, occur at one end of
the section and it is proposed that variations in the whole
rock Ca content were more prevalent here. This would pro-
bably be reflected in the mineral assemblage associated
with each of these garnet equilibration domains.
Calcium equilibration in the garnets of section 17 II
(Figure 35, Part Two) is more extensive than Fe, Mg or Yin.
The domains are usually elongated and extend up to 5 cm. in
their longest direction. Although, in some areas of the
section, elongation of the equilibration domains is in the
lineation direction, there are also regions of garnets having
the same Ca content which are distinctly elongated almost
perpendicular to the trace of the lineation and some which
show no preferred orientation.
Investigation of Possible Correlation of the Parameters
Measured
The calculation of correlation and covariance of the
physical and chemical measurements on the garnets from
specimen 17 was carried out using a computer program des-
cribed in Biomedical Computer Program, Health Science
Computing Facility, Department of Preventative Medicine and
r
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Public Health, School of Medicine, University of California,
Los Angeles, and translated into Fortran IV for IBM System/360
by Ralph Wiggins of the M.I.T. Department of Geology and
Geophysics.
Tables 13 and 14, Part Two, show the correlation matrix
for the size and distance measurements on the garnets of
section 17 I and 17 II respectively. As is evident from the
correlation coefficients shown in Table 13 and 14, there is
a strong correlation between axial diameters and grain
volume but this, obviously, is expected.
From the regression analysis, it is evident that for
section 17 I only the correlation of lengths of the inter-
mediate axis B and the short axis C is real. Assuming C
as the independent variable,59% of the variance in B may be
accounted for. The regression analysis showed also that
there is no correlation between any of the axial lengths or
grain volumes and the distance to the nearest phase analog.
The regression analyses on the garnet parameters of
section 17 II show a strong correlation between A and B.
Taking either as the independent variable, 85% of the var-
iance in the dependent variable is due to variance in the
independent variable. There is also a strong covariance
between the short axis and the volume. 68% of the variance
may be accounted for using either C or V as the dependent
variable.
Again, in section 17 II, there is no correlation between
any axial length or garnet volume and distance to the near-
est garnet. Using the chemical data, the correlation matrix
was expanded to include all nine parameters which are:
A = Long axis length
B = Intermediate axis length
C = Short axis length
V = Volume Fe
Fe = ratio Fe+Mg+Mn
Mg = ratio Mg/Fe+Mg+Mn
Mn = ratio Mn/Fe+Mg+Mn
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Ca = ratio Ca/Fe+Mg+Mn+Ca
N = distance to the nearest phase analog
The correlation matrix for the above variables in the
garnets of section 171, perpendicular to the foliation,
is given in Table 20, Part Two. An analogous matrix for
section 1711 is given in Table 21, Part Two.
Inspection of these matrices shows vey little cor-
relation of any of the chemical parameters among themselves
or with the physical variables. However, besides the obvious
covariance of Fe and Mg, the other possible correlations
were further tested by the application of the step-wise
regression analysis to the input data.
From this analysis it was concluded that the Fe and
Mn contents of the garnets are correlatable and that they
are covariant in that either Fe or Mn may be assumed the
dependent variable with no changein the correlation coef-
ficient. The relation of Mg and Mn is similar but only
half as strong.
The Ca content of the garnets was found to be strongly
dependent on the Mg content. 17 percent of the Ca variance
may be accounted-for by variation of the Mg content of the
same garnets. This is quite significant since only 25 per-
cent of the variance can be accounted for by the parameters
measured in this study.
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5. CHEMICAL DETERMINATIONS OF BIOTITE AND GARNET FROM A
PYROXENE GRANULITE ROCK.
Introduction
As discussed above, it was decided to examine the spatial
extent of chemical equilibration in a rock having a different
mineral assemblage and possibly a different grade of meta-
morphism. The rock selected was a garnet-biotite-orthopyroxene
gneiss, sample No. 42, described earlier.
The relationship of biotite to hypersthene in this rock
is unclear. From thin section analysis, no definite state-
ment can be made as to whether the biotite is retrograde
or the hypersthene prograde. The biotite occurs as small
discrete grains with only rare association with the py-
roxene.
It is suggested that the assemblage observed in
sample 42 is indicative pyroxene granulite and represents
at least a higher temperature .of metamorphism than sample
17 examined earlier.
Method of Separation and Analysis
Sample 42, described above, was trimmed with a diamond
saw on those faces exhibiting weathering. A section, 1 cm.
thick was then cut parallel to the foliation. This section,
from here on referred to as 4211, was cut up in to small
cubes measuring roughly 1 cm. on a side.
Selected cubes of 4211 were then crushed to -20, +100
mesh in a percussion mortar similar to that described by
Wager and Brown (1960). The garnet and biotite were next
hand-picked under a binocular microscope and placed in elec-
trodes or stored in gelatine capsules.
Determinations for Fe, Mg, Mn and Ca weremade on the
garnets separated in the above manner; Fe, Mg and Mn were
determined in the biotite. All analyses were performed by
emission spectrography according to the parameters in
Table 22, Part Two.
Relative line intensities of samples and standards
for Fe, Mg and Mn were recalculated to the ratios Fe/Fe+Mg+Mn
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Mg/Fe+Mg+Mn and Mn/Fe+Mg+Mn. Working curves were made for
the various elemental ratios by plotting these intensity
ratios against the corresponding concentration ratios of
the standards. The coefficient of variation of the method
is close to 12 percent for all the elements determined.
Results of the Determinations in Section 4211
Figure 40 and 40A, Part Two show the spatial dis-
tribution of Fe in garnet and biotite from section
4211. Figures 41 and 41A, 42 and 42A and 43. Part Two
show the spatial distributions of Mg in garnet and biotite,
Mn in garnet and biotite and Ca in garnet, respectively.
In all the graphic representations, the concentration ratios
are rounded off to the nearest ± .05.
A semi-quantitative modal analysis of the section was
made while the garnet and biotite were being picked. The
results of this are shown Figure 39, Part Two. It should
be noted that while biotite is ubiquitous in this section,
there is no garnet in the upper right hand corner.
Discussion
From observations on the Figures 40 to 43, it may
be said that for Fe, Mg and Mn in garnet, the spatial degree
of equilibration is more extensive and measurably larger
in this pyroxene garnet gneiss. Variations within a hand
specimen. may still be seen, however, and these variations
are probably due to variation in the whole rock chemistry
as reflected in the mineralogical variations. The spatial
equilibration of Ca in garnets was found to be no more
extensive than in the biotite-cordierite-garnet assemblages.
Again the calcium content of the garnet seems to be related
to their modal abundance which may be ih -turn dependent on.
the CaO content of the rock.
The spatial extent of equilibration of Fe and Mg in
biotite is quite extensivereaching outside the hand spec-
imen-sized sample used, although the domain cannot be much
larger than this sample size or it would be highly unlikely
to have selected a domain interface on a random basis.
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There is a fairly close relationship between the Fe and
Mg contents of the biotites and the modal ratio garnet/
biotite; the biotite in the area where no garnet occurs
has a substantially higher Fe/ig ratio. The Mn content of
the biotite in this specimen is less uniform and the spatial
equilibration is not so extensive as it is for Fe and Mg
in this phase.
The distribution coefficients KGar'ioK Gar/iond
K~ar/~io Fe KMgan
K Gar/io have been calculated for those garnet-biotite p&irs
determined. Figure 44, Part Two shows the distribution
coefficient KGar/Bio for each cube in the section 4211KFe
where both garnet and biotite were measured. A distinct
elongated area within the section exhibits a distribution
coefficient: l.a.while the surrounding garnet-biotite pairs
show K Gar/Bio 2.0. The elongation of this zone is remin-KFe
iscent of the structural control on the equilibration
domains of sample 17, discussed earlier. However, section
4211 was cut parallel to the foliation and no lineation
direction was apparent.
Areas over which the values KGar/Bioare equal are much
smaller than their Fe counterparts. It is possible that this
irregularity is due to the dependence of the atomic ratio
Mg/Fe+Mg+Mn in garnet on the whole rock chemistry, the com-
position of the coexisting hypersthene and its modal con-
centration in the rock.
Gar/Bio
The spatial distribution of the values for K n
are shown in Figure 45,Part Two. It is obvious from
this diagram that the value of the Mn distribution coef-
ficient is constant over very small intervals although the
the atomic ratio Mn/Fe+Mg+Mn is nearly constant over sizable
areas. The variability must then lie in the Mn content of
the biotite.
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6. GENERAL SUMMARY AND CONCLUSIONS
The spatial degree of chemical equilibration in the
garnets of specimen 17, described above, is in good agree-
ment with the results of other workers (Phinney,1959,
1963; Brownlow, 1961; Zen, 1961; Harker, 1939; Albee et al.,
1965,1966). The data of this study coupled with the results
of these workers give persuasive evidence to the concept
of"local" equilibration as discussed by Thompson (1959)
oir the analogous situation of"mosaic" equilibrium (Korzhinskii,
1959). Ineach-case the rock system as a whole may not be
in equilibrium but in each of the small regions thermodyna-
mic equilibrium is attained if definite relationships occur
between all the parameters. In other words, the chemical
potential of an element must be equal in each phase of the
assemblage. The spatial extent of local equilibration of
a particular assemblage is, therefore,the volume over which
all minerals have equal chemical potentials for each
component elements. If the phases exhibit ideal or dilute
solution with respect to theses components , then the chem-
ical potential is reflected in the phases by their con-
centrations of that element.
It is germane to note that often the domains of equi-
libration for the particular elements in the garnets
examined in this study do not coincide in shape or size,
thus causing the volume in which garnets are of equal
composition for all elements determined to-be very small.
The examination of equilibration domains in specimen
17 showed g distinct structural control on their sizes
and shapes. It may be speculated that the domains of equi-
libration with respect to a certain element are roughly
ellipsoidal in shape with their longest axis being parallel
to the foliation and liineatio, the intermddiate axis para-
llel to the foliation and perpendicular to the lineation-
It is interesting to note here that that the axial directions
and sometimes lengths of the equilibration domains is often
correspondent with the axial ratios of the flattened and
elongated garnets positioned on the foliation surfaces.
It is thus possible that the structural features largely
control the rate and extent of diffusion during meta-
morphism.
TABLE OF CONTENTS
Page
Abstract
List of Figures iii
List of Plates
List of Tables vii
Acknowledgements
SECTION I. AN EXAMINATION OF CHEMICAL EQUILIBRIUM
IN SOME HIGH GRADE METAMORPHIC ROCKS 1
1. INTRODUCTION 2
1.1 Review of Previous Work 2
1.2 Objectives of this Study 4
2. THEORETICAL CONSIDERATIONS 5
2.1 Equilibrium between Coexisting Phases 5
3. AREA STUDIED 11
3.1 General Description 11
3.2 Grade of MTetamorphism 14
3.3 Choice of Samples 16-
3.4 Petrography of the Samples 18
3.5 Chemical Composition of the Gneisses 20
4. SAMPLE PREPARATION 24
4.1 Separation of the Minerals 24
4.2 Purity of the Mineral Separates 27
4.3 Preparation of Minerals for Analysis 28
5. THE PARTIAL CHEMICAL ANALYSES OF MINERALS 29
5.1 Introduction, Instrumentation and
Techniques 29
5.2 Preparation of Standards 32
5.3 Interferences 37
5.4 Precision and Accuracy 38
5.5 Determination of FeO 41
5.6 Analytic Results 42
6. ELEMENT FRACTIONATION BETWEEN COEXISTANT
MINERALS 47
6.1 Introduction 47
6.2 The Distribution of Fe, Mg, and Mn between
Garnet and Biotite 49
6.3 The Distribution of Cr, Co, Ni and Ca between
Garnet and Biotite 55
6.4 Discussion of Results 60
SECTION II. THE SPATIAL EXTENT OF LOCAL EQUILIBRATION 62
7. INTRODUCTION 63
7.1 The Problem 63
7.2 Theoretical Considerations 66
7.3 Proposed Method of Study 70
7.4 Description of the Samples 72
7.5 Morphology of the Garnets 75
8. GRAIN SIZE ANALYSIS AND INTERGRAIN DISTANCE
DISTANCE MEASUREMZ4ENTS 80
8.1 Apparatus and Techniques 80
8.2 Grain Size Distribution of Garnet in
Sample 17 83
8.3 Intergrain Distance Measurements 90
8.4 Investigation of Possible Correlation of the
Physical Parameters Measured 92
8.5 Discussion of Results with Respect to Rock
Texture.' 95
9. ANALYSIS OF GARNETS IN MATRIX 98
9.1 The Laser Microprobe 98
9.2 Standardization 101
9.3 Analytic Technique 102
9.4 Precision and Accuracy 108
9.5 Results 110
9.6 An Investigation of Possible Zoning in the
Garnets 120
9.7 Results of the Zoning Investigation 122
9.8 Correlation of Results with Grain Size and
Intergrain Distances 128
9.9 Discussion 133
10. CHEMICAL DETEIhIINATI OHS IN BIOTITE AND GARNET
FROM A PYROXENE GRANULITE FACIES ROCK 137
10.1 Introduction -137
10.2 Method of Separation and Analysis 139
10.3 Results of Determinations in Section 4211 141
10.4 Discussion 149
11. GENERAL SUMMARY AND CONCLUSIONS 157
12. SUGGESTIONS FOR FURTHER RESEARCH 159
APPENDIX I. Sample Locations and Descripti-1s 760
APPENDIX II. Computer Program for Least Squares
Analysis 166
APPENDIX III. Computer Program for Analysis of
Grain size, Intergrain Distance and
Grain Distribution 166
APPENDIX IV. Computer Program for Correlation and
Regression Analysis 170
BIBLIOGRAPHY
BIOGRAPHICAL SKETCH
iii
LIST OF FIGURES
Figure Page
1 Example of Distribution of Mn between Garnet
and Hornblende (after Kretz, 1959) 8
2 Example of irregular distribution of V between
Biotite and Garnet 9
3 Illustration of the effect of the Calcium content
garnet on the distribution of V between Biotite
and Garnet 9
4 Geological Map of the Ganonoque Area showing
Sample Locations 12
5 Flow Chart for Mineral Separations 25
6 Working Curve for Magnesium 31
7 Working Curve for Calcium 33
8 Working Curve for Manganese 33
9 Working Curve for Iron 34
10 Working Curve for Nickel 36
11 Working Curves for Cobalt and Chromium 36
12 Distribution of Fe between Garnet and Biotite 50
12A Distribution of FeO/MgO between Garnet and Biotite 51
13 Distribution of Mg between Garnet and Biotite 52
14 Distribution of Mn between Garnet and Biotite 53
15 Distribution of Cr between Garnet and Biotite 56
16 Distribution of Co between Garnet and Biotite 57
16A Distribution of FeO and Mg0 between Garnet and
Biotite and its relation to the Co content of 57A
Biotite
17 Distribution of Ni between Garnet and Biotite 58
18 Distribution of Ca between Garnet and Biotite 60
19 Typical Elongated Garnet from Sample 17 76
20 Distribution of Axial Diameters of Garnets in 84
Section 171
21 Distribution of Volumes of Garnets in Section 171 85
22 Distribution of Axial Diameters of Garnets in
Section 171I 86
23 Distribution of Volumes of Garnets in Section 1711 87
24 Microprobe Working Curve for Iron 104
25 Microprobe Working Curve for Magnesium 105
26 Microprobe Working Curve for Manganese 106
27 Microprobe Working Curve for Calcium 107
iv
Figure
28 Spatial Distribution
171
29 Spatial Distribution
171
30 Spatial Distribution
171
31 Spatial Distribution
171
32 Spatial Distribution
1711
33 Spatial Distribution
1711 ,
34 Spatial Distribution
1711
35 Spatial Distribution
171I
of Fe in Garnets of Section
of Mg in Garnets of Section
of Mn in Garnets of Section
of Ca in Garnets of Section
of Fe in Garnets of Section
of Mg in Garnets of Section
of Mn in Garnets of Section
of Ca in Garnets of Section
36A Mn Profile Across Garnet in Section 171
36B Mn Profile Across Garnet in Section 1711
37A Mn Profile Across Garnet in Section 4211
37B Mn Profile Across Garnet in Sample 8
38A Ca Profile Across Garnet in Section 1711
38B Ca Profile Across Garnet in Section 171
39 Distribution of Garnet and Biotite in Section
4211
40 Spatial
4211
40A Spatial
4211
41 Spatial
4211
41A Spatial
4211
42 Spatial
4211
42A Spatial
4211
43 Spatial
4211
Distribution of Fe in Garnets of Section
Distribution of Fe in Biotites of Section
Distribution of Mg in Garnets of Section
Distribution of Mg in Biotites of Section
Distribution of Mn in Garnets of Section
Distribution of Mn in Biotites of Section
Distribution of Ca in Garnets of Section
Page
112
113
114
115
117
119
123
123
124
124
125
125
144
145
145
h r,
147
147
148
44 Sat' 1 Distribution of the Distribution Coefficient
Fe in Section 4211
Gar/Bio
44A Spatial Distribution of the Coefficient KMg
in Section 4211
152
52
VFigure Page
45 Spatial Distribution of the Coefficient K r/Bio 153
in Section 4211
A-1 Program for Least Squares Analysis 164
A-2 Program for Analysis of Grain Size and
Distribution 168
A-3 Program for Correlation and Regression Analysis 170
LIST OF PLATES
PLATE IA. Side View of the Micrometer Grinder
PLATE IB. Bottom View of the Micrometer Grinder
PLATE II. The Laser Microprobe
Page
81
81
99
vii
List of Tables
Table Page
1 Modal analysis of the Gneisses selected for 19
Equilibrium studies
2 Operating conditions for Whole-Rock Analysis 21by the Mutual Standard Method
3 Precision and Accuracy of the Mutual Stand- 22
ard Method of Spectrochemical Whole-Rock
Analysis
4 Chemical Analyses of the Gneisses selected 23
for Equilibration Studies
5 Operating Parametersfor the Atomic Absorp- 30tion Spectrophotometric Determinations
6 Chemical and Statistical Data on Standard 39
Rocks and Minerals
7 Mineral Assemblages of Grenville Gneisses 43
Selected for Mineral Chemical Determinations
8 Partial Analyses of Garnet from Grenville 44
Gneisses
9 Partial Analyses of Biotite from Grenville 45
Gneisses
10 Chemical Data on Coexisting Garnets and Bio- 48
tites from Wynne-Edwards and Hay (1963)
11 Modal Analyses of the Gneisses used for the 73
Study of Equilibration Domains
12 Summary of Grain Size Measurement by Garnets 88
in Specimen 17
13 Correlation Matrix for the Physical Measure- 94
ments on Garnets from Section 17 I
14 Correlation Matrix for the Physical Measure- 94
ments on Garnets from Section 17 II
15 Chemical Data on Laser Microprobe Standards 101
16 ExcItation Parameters for Laser Microprobe 302
Analyses.
17 Statistical Data for the Determinations on 109
Garnet Grains with Laser Microprobe
18 Statistical Data for replicate Determinations 109
on W-1 using Laser Microprobe
19 Operating Parameters used in the Investigation121
of Zoning in Garnets
viii
Table Page
20 Correlation Matrix for the Measured Physical 129
and Chemical Variables for the Garnets in
Section 171
21 Correlation Matrix for the Measured Physical 130
and Chemical Variables for the Garnets in
Section 1711
22 Excitation Parameters for the Spectrochemical 140
Determination of Fe, Mg, Mn and Ca in Garnet
and Biotite from Section 4211
23 Concentration Ratios for Garnet and Biotite 142
of Section 4211
ix
ACKNOWLEDGEMENTS
The author is indebted to Professor W.H. Dennen, who
supervised the thesis, and besides providing encouragement
through trying times, devoted much time and labor to its
production. Dr. R. Lynn Moxham of the New York State Geologi-
cal Survey gave advice and information on metamorphic equili-
bration which is much appreciated. As well as providing the
atomic absorption equipment and the facilities of an analytical
laboratory, Professor W.H. Pinson gave the author much sound
advice pertaining to silicate analysis. Helpful discussions
of petrologic matters with fellow graduate students, C.M.
Spooner, R.H. Reesman, D.C. Roy and Dr. S.A. Heath are greatly
appreciated. The preliminary work on the laser microprobe in
the Cabot Spectrographic Laboratory by Y.J.A. Pelletier proved
invaluable to the author. Dr. Frederick Brech of the Jarrell-
Ash Company provided information on laser-excited spectrography
and arranged for time on the Mark II Laser Microprobe.
Others who have contributed time, advice, information
or equipment include:
J. Annese D. Guernsey
D.L. Biggs K. Harper
W. Burrow W.C. Luth
W. Correia E. Mencher
W.S. Dennen M. Redden
H.W. Fairbairn L. Walters
P. Fenn D.R. Wones
N. Griswold H.R. Wynne-Edwards
T. Griswold
Mr. R.E. Bruneau performed the gigantic task of keeping
track of all the data arid did almost all of the computer
programming. He also helped with sample preparation and plate
reading. Thanks must go to Miss Bernice MacIntyre who typed
the final draft,exhibiting great stamina.
Machine computations were performed at the M.I.T. Com-
putation Center. Financial support for the study came under
Grant GP-4135 from the National Science Foundation.
xFinally, the author wishes to express his gratitude to
his wife Geraldine and son Patrick for giving up husband and
father,respectively, during the latter stages of the thesis
experimentation and writing. Their contribution of love
and understanding is gratefully acknowledged.
SECTION I
AN EXAMINATION OF CHEMICAL EQUILIBRIUM IN SOME
HIGH-GRADE METAMORPHIC ROCKS
I INTRODUCTION
1.1 Review of Previous Work
The application of both solid state and chemical thermo-
dynamics to metamorphic petrology has become more popular in
recent years with the advances in analytic apparatus and tech-
niques. Previously, rigorous examination of phase equilibria
in crystalline rocks was made difficult by the presence of
large numbers of components and phases. However, if the rocks
in question have approached a state of chemical equilibrium, it
should be possible to detect in them conditions which are char-
acteristic of multiphase chemical systems at equilibrium, as
discussed by, Ramberg (1952), Fyfe, Turner and Verhoogen (1958),
Thompson (1955) and others. These conditions being: (1) Cer-
tain phases are not permitted to coexist and will be chemically
represented by some chemically equivalent combination of other
phases. (2) The chemical composition of a phase may be re-
stricted by the presence of one or more other phases.
Several workers have examined the chemical equilibration
of coexisting minerals in metamorphic rocks (Kretz, 1959, 1960,
1961, 1964, Mueller, 1961, 1962. Moxham, 1965, Wynne-Edwards
and Hay 1963, O'Hara, 1963, Phinney, 1959, 1963, Krank, 1959,
1961, Moore, 1960) with varying degrees of success.
Attempts to define equilibrium relations in metamorphic
rocks must follow two basic assumptions. First it must be
assumed or shown that the minerals are in internal equilibrium,
i.e., the minerals studied are not chemically or physically
zoned although this may be handled in a detailed study (Albee,
Chodos and Hollister, 1966, Hollister 1966). Second. the
sample from which the mineral grains are separated must be in
local equilibration. The volume of local equilibration being
that volume over which free chemical communication has taken
place. Kretz (1960) has summed up the second criterion:
"... it is important to consider the size
of natural chemical systems (thermodynamic).
Spheres of chemical communication may be
different in size with reference to differ-
ent elements depending on their mobility and
may vary in size as a function of temperature."
3It is obvious that difficulties might arise if sampling does
not take place within equilibrated domains, and it is pro-
posed.here, that many of the problems found in the analysis
of metamorphic minerals are due to sampling without regard
to the diminsions of the domain of local equilibration.
Phinney's study of the rocks from St. Paul Island and Money
Point, Nova Scotia (Phinney, 1959, 1960) is a case in point.
1.2 Objectives of this Study
The primary purpose of this study is to determine the
dimensions of the volumes or domains of equilibration with
reapect to coexisting phases of a specific grade of meta-
morphism. This is a two stage problem which may be best
attacked by first ascertaining the fact of equilibration
among coexisting phases in a region where specimens are be-
lieved to have undergone the same degree of metamorphism.
Next, the dimensions of the equilibrium domains for various
element-mineral groups may be worked out.
Chemical analysis of pairs of coexisting minerals, for
example, biotite and garnet and examination of the distri-
bution of various component elements of the pairs permits
evaluation of the distribution in terms of chemical-phase
theory (Kretz', 1959). From a preliminary study such as
this, the following questions may be considered:
1. Which elements are regularly distributed and which
are randomly distributed?
2. What are the factors, chemical or structural, that
account for the regular distribution?
3. What are the factors which may influence the value
of the distribution coefficient?
4. Over what range of concentration is equilibrium
maintained in these minerals with respect to the
various elements?
52 THEORETICAL CONSIDERATIONS
2.1 Equilibrium Between Coexisting Phases
A further condition for chemical equilibrium in rocks is
provided by the requirement that, in a multiphase chemical
system at equilibrium, the components must be regularly dis-
tributed among the phases, i.e., if two phases coexist at equil-
ibrium, the chemical potential of each component contained by
both phases must be the same in each phase. At constant tem-
perature and pressure, the chemical potential of a component in
a phase is a function of the concentration of the component,
and in the case of non-ideal crystals, the chemical potential
may also be a function of other chemical conditions within the
crystal. If the chemical potential of a component in two co-
existing phases is dependent only on concentration, then the
component must be reqularly partitioned between the two phases,
provided that equilibrium -conditions exist.
Application of chemical thermodynamic theory to coexisting
minerals has been discussed in detail by Kretz (1959, 1960),
Mueller (1961, 1962). McIntire (1958, 1963), Moxham (1965) and
others. A brief review and discussion is given here.
Consider a chemical system at temperature T and pressure P.
In this system two of the phases a and,/- have formulae (A,B) Y
and (A,B) Z respectively where A,B,Y and Z are chemical species.
Here we will inquire into the distribution of A and B between M
and/,6. A mineralogical example of this system is olivine (Mg,Fe)2
Si206 =c and Diopside, (Mg,Fe) CaSi2 06 =/9
The relationship between the chemical potential and concen-
tration of any species in a phase, e.g. A, is
+ RT n FA XA (1)
where,/A is the chemical potential of A in the phase, AA is the
chemical potential of A in some standard state, i.e., in the pure
phase AY or AZ at the same temperature and pressure. R is the
gas constant, T is the absolute temperature and FA is the activity
coefficient of A. The composition of the phases are indicated by
atomic ratios or molecular ratios XA where XA =A/A + B
Now /A =A + RT In F XA
and at RT n FAl
and at equilibrium
A T
Therefore XA / XA= FA F /'A /A ) / RT = Kd (2)
Where Kd denotes the distribution coefficient. Ifcd and//are
both ideal mixtures within a specified concentration range, or
if A is present in dilute concentrations inoand/ 1, then FA FA
is a constant and therefore K d is constant.
Considering both A and B simultaneously we may use the ex-
pression derived by Ramberg and Devore (1951):
(X / 1-X ) (1-X / X) = Kf exp (AsG/RT)
where Kf is a value depending on the activity coefficients of the
chemical species A and B in,)-and/ 1.
Deriving this type of equation for the general case we may
again consider the two phases (AB)Y and (AB)Z where we wish to
find a relationship between XA on phase . and XA in phase 4f .
A possible change in the system at equilibrium is the move-
ment of an infinitely small amount (dnA) of A from c4 to/A and
an infinitely small amount of B from/7 to d at constant T and P.
Now the Hemholtz function for the reaction is dF =
-PdvPdp dnA~ dnApdnB-p&dnB
but the work done on the system at equilibrium is
dF = -PdV - PdV
Therefore
-Adn+d dn~ dn =0 (4)A ,AAABul B- B
and dnA = dnB to maintain charge balance
Therefore u - u / - uB (5)A -BA B
Substituting equations of type (1) into (5) we obtain
X (1-X4) / (l-X ) X fA f / f
exp (-uA - uB + u* /RT (6)
where X (-l-X ) / (1-XI) XA= Kd, the distribution coeffic-
ient.
Kf the term containing the activity coefficients and is
d t&
a general function of XAl) XA, P, T. If both phases are ideal
K = 1.0 and Kd is a function only of P and T. If both phases
are ideal mixtures then Kd is constant for all values of XA and
X . Then if XA is plotted against XA for a number of phase
pairs the points will produce a straight line or a smooth curve
symmetrical about this line. A plot of XA / (1 - X ) VS.
XAt/ (1 - X ) produces a straight line of slope Kd'
If one or both phases are not ideal mixtures K is not con-
stant but varies with the composition of one or both phases. A
plot of XA vs. XA produces an irregular relationship. However,
if one or both phases are non-ideal and the concentration of one
species, e.g., A, is very small in both phases then within the
concentration range in which Henry's Law and Raoult's Law are
valid, all activity coefficients must remain constant and
X / X 1 X (1-X ) / (1-4 ) X = K= Const.
or Nernst's Distribution Law.
Similar relationships may be derived for coexisting phases
such as (AB) and (AC); (ABC)Y and (ACB)Z; (AB) (CD) Y and
(AB) (CD)rZ, etc. following Kretz, (1961). In each case ifw
and /9 may be considered to be ideal mixtures with respect to A,
B, C and D, then Nernst's Distribution Law is valid.
To illustrate the method employed with respect to the above
theoretical considerations an example, namely, the distribution
of Mn between coexisting garnet and hornblende may be chosen.
Gar.First, an attempt is made to find a relationship between X r.
and XHb' as expressed by (6). This is accomplished by plotting
Gar. Mn HX * against X ' for different mineral pairs of the same met-
amorphic grade.
An example of such a plot is given in Figure 1, from Kretz's
study of amphibolite-grade schists from Southwestern Quebec. The
points define a smooth curve so it may be concluded that equilib-
rium was attained and that the effect of numerous compositional
variables has not been great enough to alter the distribution
coefficient significantly. If the points produced by the plot
were scattered, e.g. Figure 2, the distribution coefficient may
have been displaced by the variable concentration of another
element in one or both of the phases. A good example of this
effect is shown by Figure 3 in which the effect of the calcium
content of garnets on the distribution of vanadium between bio-
tite and garnet, Kretz, (1959) is marked. This relationship is
best illustrated by plotting the distribution coefficient against
MM
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the concentration of the other element in one of the two miner-
als.
If no relationship between X Gar. and X b can be found, itMn Mn
must be concluded that one or more of the following possibilities
is responsible.
1. The distribution coefficient is a function of many com-
positional variables and is too complex to be readily
seen.
2. The distribution coefficient is a function of an element
not determined.
3. Inclusions of submicroscopic phases exist in the minerals
and are contaminating the analyses.
4. Variations in the temperature of equilibration exist with-
in the group of minerals.
5. A condition of chemical equilibration with reference to
the particular component in question was not established
or was not retained in all the specimens.
3 AREA STUDIED
3.1 General Description
In selecting an area for metamorphic equilibration studies,
the author has endeavored to find a regionally metamorphosed
terrain of great age which has most likely been influenced by
more than one regime of metamorphism. This would seem to afford
the most favorable conditions for the attainment of chemical
equilibrium between coexisting minerals. The area must also meet
certain other specifications, these being: Coarse grained assem-
blages in which the minerals may be recognized in hand specimen;
accessibility to fresh samples and sufficient outcrop to allow
good sample control. A further criterion was also placed on the
area chosen, e.g., that the region had been recently mapped to
the extent that sufficient control might be placed on sampling
and grade of metamorphism. After searching through the literature,
the area selected as being most appropriate for the present study
was that of the Ganonoque-Westport region of Ontario. See Figure
4.
The bedrock formations underlying the Ganonque area are of
Precambrian and Paleozoic ages (Wynne-Edwards, 1959, 1962, 1963;
Hewitt, 1965). Approximately 80 percent of the area is Precam-
brian rock consisting of basic and acid volcanics and metasediment-
ary rocks (mainly marble, amphibolite, paragneiss and quartzite)
intruded by basic and acid plutonics. Age determinations indicate
that the period of orogeny, the Grenville, affected the whole
Precambrian areaKrogh, (1964). Geologically, the region is re-
ferred to as the Frontenac Axis; being that belt which joins the
Adirondak Highlands to the main Grenville body.
The grade of metamorphism increases westerly from greenschist
facies, through epidote-amphibolite and amphibolite to the east,
to granulite facies in the Kingston-Ganonoque area Wynne-Edwards,
(1959, 1962).
Garnet, garnet-cordierite, and cordlerite gneisses form units
varying from six inches to several hundred feet in thickness with-
in layered quartz-biotite-feldspar gneisses. The units are
continuous and have been used as marker horizons for mapping pur-
poses Wynne-Edwards, (1959). The gneisses are medium to coarse
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grained with lepidoblastic to granoblastic texture and pronounced
foliation. The major minerals present are garnet, cordierite, -
biotite, sillimanite, magnetite, quartz, plagioclase, orthoclase
or microcline and perthite. Corundum, spinel, zircon, apatite,
dumortierite and tourmaline occur locally in small amounts. There
is alteration to sericite, chlorite, and epidote in scattered
specimens Wynne-Edwards, (1959, 1962, 1963). The mineral assem-
blages recorded in some of the pelitic rocks of the eastern part
of the area are listed below Wynne-Edwards, (1962, 1963). In all
of these, quartz and either perthite or plagioclase + potash
feldspar are also present:
-1. cordierite+sillimanite+biotite
2. cordierite+garnet+sillimanite-biotite
3. cordierite+garnet+biotite
4. cordierite+biotite
5. garnet+sillimanite-biotite
6. garnet+biotite
7. biotite
In the Southwestern part of the area, the rocks contain
abundant hypersthene and only minor biotite Wynne-Edwards, (1959)
and have attained the pyroxene granulite facies.
3.2 Grade of Metamorphism
The presence of the assemblage quartz-orthoclase-plagioclase-
cordierite-almandine-biotite in the gneisses of the Ganonoque-
Westport area is analogous in most respects to the metamorphic
facies in the Central Abukuma plateau of Japan as described by
Miyashiro, (1958). Here, the presence of cordierite ushers in the
amphibolite faciesand in order to differentiate it from Barrovian
almandine-amphibolite facies where cordierite is not encountered,
the amphibolite facies of the Abukuma-type metamorphism is named
the cordierite-amphibolite facies, Winkler, (1965).
The assemblages observed in the present study correspond to
Winkler's sillimanite-cordierite-orthoclase subfacies of the
cordierite-amphibolite facies. The absence of chloritoid and
kyanite and the presence of andalusite or sillimanite denoting a
lower pressure environoment. The subfacies, as described by
Winkler, represents the highest grade of regional metamorphism
that is realized under relatively low pressure conditions and is
terminated at its high T end by the pyroxene hornsfels facies of
deep seated contact metamorphism. He proposes a temperature of
7000C and pressure of about 3000 bars, corresponding to a depth of
roughly 10 km for this subfacies.Winkler, 1965).
However, the assemblages associated with the garnet-cordierite
gneisses of the Ganonoque-Westport area,although biotitic,resemble
granulite facies rocks. In the Southwestern part of the Westport
area, the rocks contain abundant hypersthene, only minor biotite
and no cordierite (Wynne-Edwards, 1959, Wynne-Edwards and Hay,
1963). Metamorphism in this area thus has its upper P and T limit
in true pyroxene- granulite facies. Wynne-Edwards and Hay, (1963)
proposed that the garnet-cordierite assemblages represent a stage
transitional between the high-amphibolite and granulite facies.
It has been proposed by deWaard, (1966) that the assemblages
quartz-K-feldspar-plagioclase-sillimanite-cordierite-biotite-
almandite and quartz-K-feldspar-plagioclase-cordierite-biotite-
almandite-hypersthene associated with hypersthene-bearing granulites
and charnokites be established as the biotite-cordierite-almandite
subfacies of the hornblende-granulite facies. deWaard states that
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the composition of such gneisses fall in the or-co-al field of
the AFK portion an AFKM diagram. However, the mineral assem-
blages present in these rocks include both biotite and K-feldspar,
giving one too many phases for divariant equilibrium. The
system then may represent univariant equilibrium for an open
system, or divariant equilibrium for a closed, H20 deficient sys-
tem (deWaard, 1964, 1965). deWaard (1966), also proposes that the
development of coexisting cordierite and almandite is a function
Pload, T, and FeO/Mgo ratio of the rock. The reaction:
10K2 (Fe,Mg)5.5A 3Si 5.502 0 (H) 4+28Al2SO05+6 5SiO 2
biotite sillimanite quartz
ll(Fe,Mg)2Al4Si5018+11(Fe,Mg) 3Al2Si 3012+20KAlSi 3 08 +2 0H2 0
cordierite almandite orthoclase
then represents the breakdown of biotite in sillimanite bearing,
pelitic rocks. The dependence of this reaction on the Feo/g 0
ratio of the rock has also' been pointed out byEskola, (1915) and
Winkler, (1965). The CaO content has also been found to play an
important role in the production of cordierite in pelitic gneisses
(Wynne-Edwards and Hay, 1963). In alumina deficient pelites, i.e.,
those rocks not exhibiting an alumino-silicate, orthopyroxene
would occur coexisting with cordierite and almandite.
The subfacies, biotite-cordierite-almandite, as defined by
deWaard (1966), occupies the low Pload or high T field of the
hornblende granulite facies. With higher Pload or lower T, it
borders on the hornblende-orthopyroxene-plagioclase subfacies, and
at lower Pload (or higher T) it is transitional into pyroxene
hornsfels facies Winkler, (1965). At lower PH20 (or higher T) it
adjoins the cordierite-almandite subfacies of the pyroxene granulite
facies deWaard, (1965) and at higher PH20 (or lower T), it borders
on the sillimanite-cordierite-orthoclase-almandine subfacies
(A2.3) as described by Winkler, (1965) for Abukuma-type metamor-
phism.
3.3 Choice of Samples
An attempt should be made in a study like this to work with
specimens which represent systems with variance one or at most
two. That is, the number of phases present should, at least,
equal the number of components needed to define the system
(considering mobile components) so that the variance in the sys-
tem is limited to temperature and pressure and the compositions
of the phases will remain fixed over a range of compositions at
a fixed P and T.
The assemblages, described above, found in the paragneisses
of the Ganonoque region may be represented by the major components
S10 2, A1203, FeO, MgO, K20 and H20. Quartz and potash felspar are
present in all samples so that at constant temperature, pressure
and water vapor pressure, only MgO, FeO, and A1203 are variable
components. The system allows a maximum of three phases in a P-T
field, but in fact the three components are represented by four
phases, cordierite, garnet, sillimanite and biotite. Either the
assemblage is not stable or there is another variable. Wynne-
Edwards and Hay (1963) show that the assemblage is a stable one
and that the presence of garnet or cordierite is controlled by the
FeO, MgO and CaO content of the host rock. They state that pelitic
rocks with low CaO and FeO are cordierite-bearing and garnet-free,
and as these components increase, relative to MgO, cordierite-
garnet-biotite gneisses appear, followed by garnet-biotite gneisses.
This phenomenon has also been noted by Eskola (1915) and Parras
(1958). An attempt was therefore made, to collect only samples
containing the phases, quartz, potash feldspar, garnet, biotite,
plagioclase plus or minus cordierite.
Correct mineral identification and estimate of compositions
should be made in the field. However, this is usually difficult
and the actual assemblage may only be determined by petrographic
analysis in the laboratory. Further, laboratory inspection is
often the only way of avoiding specimens which have undergone re-
trograde or replacement reactions. ' In order to analyze pure
specimens, inclusions within the minerals must be identified micro-
scopically and then separated.
These problems are only solved by collecting many specimens
which appear suitable in the field, and after elimination in the
16
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laboratory, those that meet the requirements are kept for further
chemical and petrographic study.
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3.4 Petrography of the Samples
From the 43 specimens collected, 30 which appeared unaltered
and homogeneous were selected for detailed examination. Thin
sections were prepared for a close check on the suitability of
these samples and examination of the thin sections further limited
the number of samples to 23. Figure 4 shows collection locations
for the specimens used in this study.
Nearly all of the thin sections showed small amounts of
chlorite or sericite replacing various minerals. For the most part,
however, alteration was limited to the cordierite with some local
alteration of the plagioclase. Retrogression of the other minerals
of the assemblages present is essentially negligible in the samples
chosen for further study.
The problem of inclusions was examined during the thin section
study. The greater part of the garnet grains contain many inclus-
ions of quartz and less commonly sillimanite.
The 23 samples selected for further study were subjected to
modal analysis, (See table 1) and the seven best specimens selected
for the study of the spacial extent of local equilibrium in these
rocks.
Sample locations and brief descriptions are given in Appendix
QUARTZ
K-FELDSPAR
PLAGIOCLASE
BIOTITE
GARNET
SILLIMANITE
OPAQUES*
CORDIERITE
ZIRCON
CHLORITE***
SPINEL
CARBONATE
CORUNDUM
LEUCOXENE **
MUSCOVITE
APATITE
SERICITE***
HEMATITE
10
35
21
15
3
2
8
TABLE 1.
1 2A
.5 27.1
.2 17.5
.9 22.3
.6 2.7
.4 2.2
- x
.6 7.1
.5 20.3
Tr Tr
- Tr
Modal Analyses of the Gneisses Selected for Equilibration Studies.
3
21.1
13.6
21.2
3.7
3.4
Tr
8.3
28.5
Tr
8
7.3
16.3
48.7
12.6
4.8
5.2
1.8
Tr
1.1
0.8
12
30.7
3.9
31.9
10.5
16.0
1.7
3.6
Tr
1.8
16
38.2
1.1
0.2
12.3
27.4'
1.6
1.3
9.0
Tr
0.1
21
43.1
14.0
1.4
23.9
6.7
0.2
0.9
0.1
0.9
0.1
25
E
7
3
8
4
16
0
0
- - - - - - - 0
- - Tr 0.8
- 0.6 - -
1.9
- - Tr
- 7.8 8.9
25 26 27 29 30 34 35
.7 15.6 31.5 16.5 67.2 28.5 8.3
.5 25.8 11.1 32.5 2.2 15.6 49.3
.4 37.3 15.8 7.8 15.1 13.0 6.6
.6 11.2 19.6- 3.5 11.9 9.1 13.1
.5 1.7 4.7 0.8 1.6 20.0 8.2
.8 0.1 0.2 4.4 x 6.2 5.1
.5 7.1 4.4 4.3 1.7 2.7 4.8
.3 0.4 9.9 26.8 - 3.7 1.8
.1 0.3 x - x x -
- 0.1 0.2 0.1 x o.4 0.2
.3 0.4 x 3.1 - x -
- - - - - - 0.9
- 0.1 - - - - -
.6 - 2.1 0.1 - - -
x 
- 0.3 - - 0.4 1.7
- - - - - - - - - - x
* Magetite, ilmenite and pyrite
** alteration of ilmenite
*** mainly as alteration of cordierite
0.05- x - 0.1
Tr 0.05
- =missing
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3.5 Chemical Composition of the Gneisses
Whole-rock spectrochemical analyses of the metasediments
used in this study were made, Table 4. The analytical procedure
employed was a method of mutual standardization as described by
(Dennen and Fowler, 1955).
The method is designed as a rapid technique for reconnaisance
whole-rock analysis. The 23 samples were analyzed in triplicate
with fair precision in ten days. The precision is certainly good
enough for comparison of rocks for most petrographic investigations.
The standard rocks G-1 and W-1 (Fairbain and others, 1951,
Stevens and others, 1960) along with GR (Roubault et al., 196.6)
and SR Webber, 1965 were used as standards for the analysis. Both
standards and samples (ground to - 200 mesh) were mixed with carbon
powder in the ratio, sample: carbon = 1:2 and packed in "specpure"
graphite electrodes. Excitation parameters are given in Table 2.
An examination of the precision and accuracy of the method was
made by the analysis of rock standards. The data obtained from
this study is given in Table 3.
TABLE 2. Operating Conditions for Whole-Rock Spectro-
graphic Analysis by the Mutual Standard Method.
Spectrograph: Hilger 3m large quartz-glass Littrdw-
mounted prism spectrograph.
Plates and Development: Kodak Spectrum Analysis-1 plates
developed for 4.5 minutes at 20 C in
Kodak D-19 developer in a time controlled
tank.
Electrodes: Sample- National Carbon Co. AGKSP
Spec-pure graphite rod with a 6.0
mm.-cavity.
Counter- National Carbon Co. L1138F
Spec-pure carbon rod, pointed.
Excitation: 9 amp, anode to completion ( 60 sec.)
7mm. analytical gap.
Optical path: Source focused on masked collimator.
Rotating disc sector passing 1/2, 1/16,
1/32, 1/64 of incident light at slit.
Photometry and Plate Calibration: Hilger non-recording
microphotometer. Calibration by pre-
liminary curve method. All intensities
corrected for plate background.
Analytical lines: Al 2652.5A, Mg2779.8A, Mn2794.8A, Fe
2912.2A, S12987.6A, Ti3O88.OA, Ca3158.9A
Na3302.3A, K4044.1A
TABLE 3. Precision and Accuracy of the Mutual Standard Method of
Whole-rock Analysis
Spectrochemical
Granite GH
S10 2T10
A12 S3
Fe 2 0 *MnO
MgO
Cao
.Na 0
K26
n
12
12
12
12
12
12
12
12
12
Basalt BR
s102T102
A120
Fe209 *
Mn0
Mg0
CaO2
Na 0
K26
x
76.5
0.06
12.5
1.2
0.05
0.04
0.56
3.72
5.15
100.00
71
41.2
2.44
10.5
14.8
0.25
13.1
13.2
3.6
1.0
100. 00
2s
1.2
0.007
1.4
0.24
0.009
0.011
0.017
0.56
0.65
2s
2.3
0.5
1.0
0.96
0.03
4.4
1.8
0.9
0.3
The standard deviation and the
C
1.6
20.6
11.2
19.6
19.1
31.4
30.4
15.5
12.6
C
5.6
20.9
9.5
6.5
12.0
33.6
13.6
25.0
30.0
Xi
75.6
0.08
12.6
1.3
0.05
0.07
0.68
3.83
4.78
x
38.6
2.61
10.31
12.75
0.20
13.2
13.89
3.07
1.38
Granite GA
s102TiO2
A1 03
Fe03 *MnO
MgO
CaO
Na20
K2 0
Tonalite T-1
n
Si0 2  8
TiO2  8
A1203-) 8
Fe 2 03  8
MnO 3 8
MgO 8
CaO 8
Na 0 8
K2 8
coefficient of variation represent the 95% confidence limit.
* Total Fe as Fe203
X- Preferred values given by Roubault et al. (1966)
X2 - Preferred values given by Thomas (1963)
71.0
0.30
14.3
2.50
0.09
0.88
3.35
3.42
4.23
100-80
64.6
0.52
15.6
5.4
0.11
2.96
6.31
3.42
1.36
100.22
2s
3.2
0.06
2.28
0.35
0.007
0.35
1.22
0.28
0.55
2s
2.6
0.08
1.4
0.3
0.01
0.64
1.24
0.27
0.40
C
4.5
20.0
15.9
15.1
7.4
39.8
36.4
8.2
13.0
C
4.05
15.4
9.1
4.8
9.1
21.7
19.7
7.9
30.6
69.7
0.37
14.6.
2.77
0.09
0.97
2.48
3.57
4.03
x2
62.5
0.59
16.5
4.02
0.11
1.89
5.19
4.39
1.23
TABLE 4. Chemical Analyses of the Gneisses Selected for Equilibration Studies.
1 2A 3 8 12A 12B 16 21 25 26 27 29 30 34 35
Si02  63.8 67.0 55.2 61.3 66.1 68.1 69.6 71.4 "65.0 '58.o 6o.2 66.1 80.4 61.9 59.1
TiO2  0.99 1.38 1.64 1.06 0.81 o.82 1.84 1.49 1.40 1.34 1.71 0.91 1.02 1.40 1.83
A1203  16.8 14.4 20.7 18.1 13.4 13.0 9.62 11.3 17.1 16.1 17.o 17.6 8.08 17.2 18.2
Fe2o3* 6.36 6.74 10.9 8.36 6.49 6.18 11.7 6.45 6.95 7.11 9.91 7.22 5.12 5.56 6.82
Mlgo 2.51 2.33 3.59 2.43 4.25 3.41 5.85 3.17 2.02 1.49 4.16 2.65 1.49 2.70 2.80
Mno o.11 o.o6 0.09 0.06 o.11 0.13 o.18 0.15 0.03 0.10 0.12 0.05 0.04 0.03 0.06
CaO 2.89 o.66 2.24 0.71 3.40 3.10 o.62 0.85 0.40 5.28 2.94 0.56 1.05 2.00 o.68
Na2 0 2.42 1.20 2.11 3.57 2.69 2.74 0.13 0.21 1.64 2.89 1.21 1.42 1.01 2.39 1.88
K20 4.12 5.65 3.18 3.80 2.44 2.57 1.87 5.10 5.32 6.81 2.71 3.33 1.73 6.61 8.67
* Total Fe as Fe203
Sample descriptions and locations are given: in Appendix 1; modal analyses
in Table 1.
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4 SAMPLE PREPARATION
4.1 Separation of the Minerals
16 specimens were selected for mineral analysis and were
subjected to the following process: Each sample was cut into a
cube, about 4.5 cm on a sidewhich removed any weathered exterior
and reduced the sample to a size over which a local equilibrium
seems to take place (Kretz, 1959, Moxham, 1965); the sample was
then fed through a jaw crusher with the second pass producing a
product about one-quarter inch in size; this material was then
crushed in a hand percussion motar of the type described by Smales
and Wager (1960), and the screened fractions -60, +100; -100, +200
were then run through the procedure shown in the flow chart of
Figure 5.
Initial rough separation of the biotite and garnet was per-
formed on a Frantz isodynamic magnetic separator. Settings of the
field strength, feed rate and inclination were determined by trial
and error. The non-magnetic portions of these samples were passed
on to other workers in the Cabot Spectrographic Laboratory for
further study. After heavy liquid separations, the biotite-rich
and garnet-rich fractions were recycled several times through the
Frantz separator thus reducing the ilmenite and cordierite impur-
ities to minute fraction. Final purification of the biotite
samples was accomplished by sliding them back and forth between
sheets of paper, the fraction retained on the paper each time being
the final concentrate. Garnet samples were purified by removing
impurities under a binocular microscope.
Because the garnet fractions may show many inclusions, further
processing is necessary. The following steps ( afte r I 1963)
were adequate for the liberation and separation of the inclusions.
1. Grind in agate motar.
2. Screen, collecting -200, +325; -325, +400 and -400
fractions.
3. Using a liquid close to the index of refraction of the
mineral being separated, check each size fraction for
l1 br 4- 4 n f - v c1 u cion
4. If -400 fraction must be used, place small portions of it
in a 100 ml. beaker with a wash bottle squirt acetone
into the beaker until the sample is well stirred. After
five seconds decant the acetone. Continue this procedure
until the acetone remains clear after five seconds.
Whole Rock
Jaw Crusher,
Percussion Mortar
magnetic
Methylene Iodide
float
BIOTITE, CORDIERITE
Bromoform
float sink
BIOTITE
COFIERITE
non-magnetic
QUARTZ, FELDSPAR, SILLIMANITE
sink
GARNET, ILMENITE
Frantz
ILMENITE GARNET
Sliding on paperl
FINAL BIOTITE
FIGURE 5. Flow Chart for Mineral Separations.
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The remaining grains are coarse enough to pass through
the Frantz separator.
5. Pass the coarsest fraction in which the inclusions are
liberated through the Frantz separator. After several
Se
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4.2 Purity of Mineral Separates
All of the separated mineral samples were checked under the
petrographic microscope in a liquid whore index of refraction was
close to that of the mineral in question. Grain counts of 500
were made on all samples, and samples which were not at least 98%
pure were re-run through appropriate steps until the desired purity
was attained. Because of the very fine inclusions of quartz and
sillimanite in some of the garnets, some of these samples may
contain over 2% total quartz and sillimanite. Impurities in the
biotite were tiny inclusions of ilmenite, quartz and zircon, their
total not exceeding 2% in any sample.
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4.3 Preparation of Minerals for Analysis
The biotite samples, after separation, were prepared for
chemical analysis by treating about 0.25 grams of sample with
vycor-distilled perchloric acid and 48% reagent grade HF. After
decomposition, the samples were evaporated to dryness and taken
up to 100 ml. in 0.2N HCL.
The garnets were placed into solution using a sodium carbon-
ate fusion technique as described by Kolthoff and Sandell,(1952).
Approximately 0.6 grams of garnet, reduced to -325 mesh, was mixed
with 3.0 grams of Na2C03 and fused in a platinum crucible. The
resulting cake was dissolved in 2N HCL and evaporated to dryness.
The evaporate, after dissolution in 0.2N HCL, was filtered into a
100 ml. volumetric flask and brought up to volume.
Suitable dilutions were made from the sample solutions for
the various elemental analyses by atomic absorption spectrophot-
metry. Brief discussions of the procedures used for the analysis
of each element determined are given below. In all cases the
solutions were in 0.2N HCL. The importance of maintaining dilute
solutions of constant normality was pointed out during experiments
in the Geochronology Laboratory at M.I.T. It was found that the
absorbance for a certain concentration drops off sharply with
increasing normality of the acid solution. Aside from the sen-
sitivity of the spectrophotometer, linearity of the working curve
is almost non-existent at higher normalities, (P. Kolbe and W.H.
Pinson, personal communication, 1966).
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5 CHEMICAL ANALYSIS
5.1 Introduction, Instrumentation and Techniques
The garnets and biotites, separated and dissolved as describ-
ed above were analyzed in at least two replicates by means of
atomic absorption spectrophotometry. Partial analyses for Fe, Mg,
Mn, Ca, Cr, Co, and Ni were made using, for the most part, stand-
ard techniques as described in the literature (Slavin, 1965, Trent
and Slavin, 1964).
A Perkin-Elmer model 303 atomic absorption spectrophotometer
was used, employing single element hollow-cathode tubes for Fe, Mg
and Ca and a multi-element hollow-cathode tube for Mn, Cr, Co
and Ni. Instrumental operating parameters are outlined in Table 5.
Standards for Fe, Mg, Ca, Cr, Co and Ni were pure salt sol-
utions made by dissolving high purity compounds of the element in
2N HCL, evaporating to dryness and redissolving in 0.2N HCL.
Standards for most elements were prepared in two different ways
for cross-checking purposes. As a result of this, matrix effects
in atomic absorption spectrophotometry of silicates were found to
be negligible, if at all present. For example, magnesium standards
were prepared by P. Kolbe by dissolving the standard diabase W-1
(Fairbairn, et al., 1951) by the perchloric acid HF method describ-
ed above. This primary standard, originally in 2N HCL, was diluted
with demineralized water to a normality of 0.2 and a series of
standards prepared containing 0.5 to 2.0/,g/ml Mg. Further stand-
ards were prepared by the author from a magnesium standard obtained
commercially (Will Scientific Company, Lot #w-84212, 1000 Ag/ml).
A portion of the commercial standard was evaporated to dryness in a
platinum dish and redissolved on 0.2N HCL. A series of magnesium
standards from 2.5 to 5.0/g/ml was prepared from this primary
standard. The resulting working curve for magnesium, incorporating
both sets of standards, is shown in Figure 6. Clearly a matrix
effect is missing or negligible.
TABLE 5. Operating Parameters for the Atomic Absorption
Spectrophotometric Determinations.
WAVE LENGTH
2483A
2852A
2795A
4227A
3579A
LAMP
Hollow
Cathode
Hollow
Cathode
Hollow
Cathode*
Hollow
Cathode
Hollow
Cathode*
LAMP
CURRENT
4Ona
6ma
30ma
10ma
30ma
SLIT FLAME
WIDTH CHARACTER
2A Oxidizing
20A
20A
13A
2A
Acetylene-
rich
Oxidizing
Acetylene-
rich
Oxidizing
Hollow
Cathode*
Hollow
Cathode*
30ma
30ma
2A
2A
Oxidizing
Oxidiz ing
* Multi -element hollow cathode lamp.
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ELEMENT
Fe
Mg
Mn
Ca
Cr
Co 2407A
2320A
o-? - o pr-epa/~ea' fro/7 co/rw/rercic/ J/Q/?d'rd,
0-6 -
0-5 ~ O
Q 0
0-4 -
£0
0
0 0-3 -
0-2 -
01 +
/
C I II I
0 1-0 2-0 -3.0 4.0 5-0
Mg concentration ( pg/mi)
FIGUPE 6. WOPKING CUVE FOP MAGNESIUM
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5.2 Preparation of Standards (See Table 5)
Calcium and Magnesium
Calcium standards were prepared by dissolving CaCO 3, A.R.
grade, in 2N HCL and diluting up to volume making a solution
containing 400Ag/ml Ca. Further dilution of this primary stand-
ard to lower normality of 0.2 was made and a series of standards
from 2.0 to 20.0 Ca was made.
Magnesium standards were prepared both from diabase W-1 and
Will Scientific Company Atomic Absorption Standard as described
above.
All calcium and magnesium standard and sample solutions were
made to contain 0.5% La as LaCl3. A 10% La solution was prepared
by dissolving the required amount of La203 (City Chemical Corp.)
in 2N HCL, evaporating and redissolving in 0.2N HCL.
Figure 6 gives an example of the magnesium working curve. The
calcium working curve is shown in Figure 7.
Iron
The primary iron standard was prepared by the dissolution of
iron wire, A.R. grade, in HCL and bringing up to volume to make a
514 .3.ag/ml Fe solution in 2N HCL. Further dilutions with demin-
eralized H20 gave a series of standards ranging from 5 to 25,,a g/ml
Fe in 0.2N HCL. Chloride complexing at this normality was not
noted.
An example of the iron working curve is shown in Figure 9.
Manganese
Manganese standards were prepared from the Will Scientific
Company Mn Atomic Absorption Standard (Lot #w-84287, 1000,Ag/ml
Mn). A 1000 m g/ml primary solution was prepared by evaporating
the required amount of the Will Standard in platium and bringing
up to a volume in 0.2N HCL.
A typical manganese working curve is shown in Figure 8.
Cobalt
A 100 ppm cobalt primary standard was made from hydrous
cobalt chloride CoCl 2 . 6H20. A second cobalt standard was pre-
pared from the Fisher Scientific Company Atomic Absorption Co
Standard (Lot #762325, 1000/g/ml Co).
Figure 11 shows the cobalt working curve.
I I I I i
-5 -FIGUDE 7.
WODKING CUQVE FOQ CALCIUM
0-4 -
0.2
0.3 -o
0'0
00
0
D. 00
o 4-0 &O 12-0 &O 0-0 24-0
Ca concent rahion ( pg/mf )
FIGUQE 8.
WOQKING CURVE FOP MANGANESE
o. -~
G0
-
0-05 -~
0I
00
o 0z 0~ -
0 M n n0 c e n0 o ( 2 4 0
Co. concentraion ( p/:)m)
0-3
0-2
0*~
0
4.0 60 12-
Fe concentration
o) 16.0 20.0
(pg/ml)
FIGUQE 9. WOPKING CUQVE FOP IQON
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Chromium
Two chromium standards were prepared from K2 Cr 2 02; one by
the author and the other commercially made by the Fisher Scientific
Company (Lot #762397, 1000 g/ml).
Figure 11 shows the chromium working curve.
Nickel
Nickel standards were prepared from the Fisher Scientific
Company Atomic Absorption Ni Standard (Lot #751172, 1000f^g/ml).
An example of the nickel working curve is shown in Figure 10.
FIGUPE
WODKING CUQVE
1.0 20
10.
FO
2-0
Concentration ( pg/mI)
o0/ 014
0-12
C-i0
0-08
0-06
0-04
0-02
NICKEl
0-03
0-02
0-01
3-0 4.0 4-0 -0 100
Nit concentration (
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5.3 Interferences
No interferences were noted in the analysis of the biotites
or rock standards. The modulated sharp line source employed by
the atomic absorption spectrophotometer eliminates spectral inter-
ference. The theoretical reasons for this have been discussed by
(Elwell and Gidly, 1962).
A chemical interference due to complexing by silicon, phos-
phorus and aluminum in the analysis of the alkaline earth metals has
been noted, David (1958, 1962). However, silicon is eliminated as
SiF 4 during the dissolution of the biotite and rock samples.
Following fusion of the garnets, the resulting cake was dissolved
in HCL twice, the solution evaporated, the silica gel produced
being filtered off after each evaporation. This is pa'rt of the
usual gravimetric procedure for the determination of SiO 2 '
The concentration of phosphorus was probably too low to inter-
fere with the magnesium and calcium analysis, and the aluminum
interference was eliminated by the use of lanthanum buffer.
Light scattering interferences of the type and magnitude as
found by Billings, (1965) were not found during the biotite and
rock analyses. Billings noted light scattering interference by
calcium for the most part but also by sodium and magnesium at high
concentrations at the iron, cobalt, manganese and nickel analytic
lines. The lack of this effect was probably due to the use of the
higher temperature air-acetylene flames and higher fuel and air
flows than those used by Billings (Slavin, 1965). A light scatter-
ing effect due to the high sodium contents of the garnet solution
was, however, noted. It was possible to correct for this by the
use of a blank solution prepared in the same manner as the garnet
fusions.
The elimination of critical interferences in the analytic
ranges may be noted by the linearly of the working curves over a
considerable concentration range.
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5.4 Precision and Accuracy
The precision and accuracy of routine analysis atomic
absorption spectrophotometry has been discussed by Meddings and
Kaiser, (1967)and Billings, (1965)."772 . By use of atomic
absorption equipment, including the Perkin-Elmer digital readout
system DCR-1, Meddings and Kaiser found that the routine analysis
of Ni, Co, Ca and Fe shows a coefficient of variation of 0.3 - 0.8%.
However, Billings, (1964) found analytic precision somewhat lower.
For example, the analysis of a biotite sample gave the following
precision data shown as ±% of the amount present: Ca, 2, Co, 7,
K, 1, Mg, 1, Ni, 7 The precision of the whole rock analysis of
G-1 and W-1 by Trent and Slavin, (1964) are quite satisfactory.
Accuracy data given by Trent and Slavin, (1964) on G-1 and
W-1 and Billings, (1965) on many varied silicate samples are quite
satisfactory for geochemical studies.
Chemical and statistical data derived from this work on stand-
ard rocks and minerals are 'given in Table 6. Except where indicated
the following summarizes the statistical terminology used.
n, number of observations
x, arithmetic mean
d, deviation of an observation from the mean
s, standard deviation= d2
c, coefficient of variation = s X 100
x
It is obvious that the precision of silicate analysis by atomic
absorption spectrophotometry is not as as gravimetric or
most colorimetric techniques. However, its precision may be expect-
ed to be an improvement over that obtained in the emission spectro-
graphic techniques usually employed in studies such as these (Kretz,
1959, 1961, Moxham, 1960). The author found that the method of
silicate analysis by atomic absorption spectrophotometry combined
the speed of quantitative optical emission spectrography with a
precision comparable to routine analysis by x-ray fluorescence
means.
Statistical data for the biotite and garnet analyses of this
paper are given with the analytical results in a following paragraph.
TABLE 6. Chemical and Statistical Data on Standard Rocks
W-1
i s C X n
9
N.D.
8
3
5
11.17
8.95
6.41
10.62
0.185
56
134
85
8.03
4.00
10.08
0.407
22
77
35
0.32
0.25
0.14
0.19
0.017
4
20
9
0.35
0.10
0.17
0.014
7+
6+
9
Fe 0*
Fe 3
Mgo
CaO
MnO
7
3
10
7
5
2.9
2.8
2.2
1.8
9.2
8
15
11
C
4.4
2.5
1.7
3.4
32
8
25
11.14
8.75
6.64
10.98
0.16
51
120
82
X 2
8.39
4.06
10.1
0.40
19
51
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and Minerals.
G-1
x s
1.89
0.96
0.36
1.16
23 +
5.74
1.73
4.85
0.13
0.16
0.11
0.02
0.03
8
T-1
s
0.37
0.03
0.06
0.026+
N.D.=Not Determined
X 1 Preferred values from Stevens et al. (1960)
X = Preferred values from Webber 1965)
X3= Preferred Values from Thomas (193)
Fe 0 *
Fe 3
MgO
CaO
MnO
Co
Cr
Ni
Fe03
FeD
MgO
CaO
MnO
Co
Cr
Ni
8
3
5
4
N.D.
N.D.
2
N.D.
n
7
N.D.
4
2
N.D.
N.D.
N.D.
Co
Cr
Ni
Fe 0 3*Fe 3
MgO
CaO
Mn 0
Co
Cr
Ni
8.5
11.4
6.2
2.6
34
C
6.4
1.7
1.2
20.0
1.96
0.0 9
0.40
1.39
22
X3
5.93
1.90
5.18
0.10
Biotite 1337B
23.52
6.84
N 'D.
0.08
0.19
0.16
0.004
0.8
2.3
5,2
25.25
6.95
0.29
Biotite 1325A
n x C NW
16.95
12.05
0.99
0.06
5.8
0.5
16. 85
12.22.
N.D.
N.D.
TABLE 6. Continued
The biotite samples were obtained from H.C. Liese, U. Conn.
N# = Chemical Analysis by Elaine Munson, U.S.G.S., Denver, Colo.
Fe2 0*
Mgo
MnO
CaO
5.5 Determination of FeO
The determination of FeO in the garnet and biotite. samples
was performed using the titration method of Reichen and Fahey,
(1962). The dissolution of the sample took place in the presence
of a standard solution of K2 Cr2 07 with the excess dichromate
being titrated with standard ferrous ammonium sulphate.
Results of analysis of the standards G-1, W-1 and T-1 are
given in Table 6 together with data on precision and accuracy.
Somewhat higher values are obtained by this method than by conven-
tional methods, since the Fe+2 liberated during dissolution is
immediately oxidized by the dichromate in the solution and the
source of error by air oxidation found in most conventional methods
is eliminated, Reichen and Fahey, (1962). However, it is possible
that other elements such as manganese are oxidized along with Fe +2
which would also contribute toAresults.
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5.6 Analytic Results
As described above, 16 specimens of Grenville gneiss were
selected for mineral analysis. The reference number of each
specimen and the minerals observed and analyzed are listed in
Table 7. The analysis of the garnets and biotites are listed in
Table 8 and 9 respectively.
Although garnet and biotite are chemically complex and cannot
be expected to behave ideally with reference to all components,
they do closely approximate ideal solutions with respect to the
elements in question in this study. Judging from the studies of
previous workers, the elements Fe +2, Mg, Mn, Cr, V, Ni and Co seem
to equilibrate most easily and correlate very closely to what
should be expected from crystal field theory as discussed by Curtis
(1964). It was decided then to use atomic ratios as measures of
concentration in this study. The calculations of these ratios will
be considered briefly at this time.
The 8-coordinated positions of garnet are occupied by Fe+2
Mg+2, Mn+2, and Ca+2. Al+3 and Fe+ 3 take up the 6-coordinated
positions. The measure of concentration, then, of divalent elements
in garnet should be the ratio of the number of atoms of the element
divided by the total number of available 8-coordinated positions.
However, since Ca-0 distances are greater ( 2.I6A and 2.36 A) than
0 0
the (FeMg,Mrn)-O distances ( 2.40N and 2.3 A), Ca and (Fe,Mg,Mn)
probably do not form ideal mixtures. In this study, the measure of
concentration of divalent anions in garnet will be as follows: the
total number of atoms of the element/total number of 8-coordinated
positions minus the number of positions occupied by Ca ions.
The 6-coordinated positions of biotite are occupied by Fe+2
Fe+3, Mg+2 and part of the total Al+3 Bragg, (1937) and probably
also by Mn+ 2 and Ti+2 . It was decided to consider only those 6-
coordinated positions occupied by the divalent ions Fe +2, Mg +2, Mn+2
plus those positions occupied by Fe+3
Moxham (1965) points out the use of calculating the proportion
of atomic sites filled by a minor element, out of the number of sites
available to that element. An attempt was originally made to consider
only the weight percent of the element dissolved in each phase
(after Kretz, 1959) but this produced an extreme scatter.
No.
1 0 0 X X X 0 -
2A 0 0 X X X 0 X
- X X X
-, X X X
3 0 0 X X X 0 X X X X X
8 0 0 X X X 0 -
12A 0 0 X X X 0 -
12B 0 0 X X X 0 -
16 0 0 X X X X X
21 0 0 X X X 0 X
25 0 0 X X X 0 X
26 o 0 X X X 0 X
X X X X
- X X X
- X X X
- X X X
TABLE 7.
Mineral Assemblages of Grenville
Gneisses Selected for Chemical De--
terminations on the Coexisting MineralsX
- 0 Mineral analyzed
- X Mineral present
- - Mineral absent
- X X X -
- X X X X
- X X X X
27 0 0 X X X 0 X X X X X X
29 0 0 X X X 0 X X
0 0 - X X X X
- X X X
- X X X
34 0 0 X X X 0 X X X X X X
35 0 0 X X X 0- X - - X X
30
TABLE 8. Chemical Determinations on Garnet from the Grenville Gneisses.
2A 3 8 12A 12B
* * * 1.72 5.21
21 25 26 27 29 30 34
* 4.96 4.oo 1.39
35
* 3.76 1.o4 3.45 4.22
Feo 29-37 28.76 27.75 28.45 25.87 25.32 33.63 31.42 34.11 32.79 32.06 30.69 31.61 23.56 22 87
MgO 9.36 6.82 5.08 6.04 10.94 10.74 8.67 7.24 5.25 6.11 4.50 5.62 6.24 7.11 6.43
Mno 2.25 1.41 1.31 0.75 2.78 1.94 0.50 2.32 0.43 1.31 1.39 o.91 1.42 0.39 o.40
Cao 1.34 1.42 1.01 1.31 1.62 1.19 1.65 1.79 0.97 1.38 1.26 1.49 1.60 0.95 0.85
Cr203  0.018 0.017 0.013 0.020 0.017 0.015 0.025 0.026 0.021 0.008 0.020 0.019 0.024 0.032 0.028
coo 0.008 N.D. o.o8 o.006 o.08 o.oo8o.oo9 0.005 0.006 o.o4 0.008 0.007 0.002 0.007 0.006
Nio 0.007 0.011 0.005 0.002 0.007 0.013 o.oo4 0.010 0.010 0.005 0.007 0.002 0.012 0.009 0.011
Atomic Ratios:
Fe
Fe+Mg+Mn
Mg
Fe+ig+Mn
Mn
Fe+Mg+Mn
o.6o8 o.679 0.728 0.711 0.537 0.545 0.678 0.673 0.777 0.728 0.772 0.738 0.715 o.644 o.658
o.345 0.287 0.238 o.269 o.4o4 o.412 0.312 0.277 0.213 o.243 0.194 0.24o 0.252 0.345 0.331
0.047 o.034 0.035 0.019 0.058 o.o42 0.0100.050 0.010 0.029 0.034 0.022 0.033 0.011 0.012
Ca
Fe+Mg+Mn+Ca 0.034 o.o41 0.033 0.040 o.o4o 0.032 0.041 0.047'0.028 0.038 0.037 o.044 0.045 0.032 0.030
N.D. = not determined
* = total Fe as FeO
1.4 o
TABIE 9. Chemical Determinations on Biotite from the Grenville Gneisses.
2A 3 8 12A 12B
* * * 1.36 2.09
16 21 25 26 27 29 30
* 2.36 1.02 1.17 2.06
34 35
* 0.30 0.46 1.77
13.10 15.81 14.62 14.47 12.45 12.42 22.44 14.51 16.93 17.34 14.4o 19.10 25.35 12.47 12.45
13.76 13.35 13.61 13.10 13.73 13.60 14.64 11.11 10.28 10.46 11.37 13.26 9.75 12.90 11.61
0.065 0.065 .o68 0.042 o.100 0.082 0.022 0.056 0.031 0.051 0.089 0.055 0.045 0.018 0.021
0.15 N.D. N.D. N.D. 0.10 0.09 N.D. 0.12 0.13 0.08 0.10 N.D. 0.21 0.07 0.08
0.026 0.029 0.030 0.065 0.020 0.022 0.061 0.036 0.051 0.014 0.022 0.023 0.030 0.013 0.049
0.015 0.018 0.022 0.026 o.x14 0.014 0.015 0.004 0.013 0.009 0.020 0.079 0.005 0.011 0.011
0.023 0.042 0.042 0.063 0.019 0.024 0.041 0.039 0.035 0.011 0.023 0.005 0.014 0.010 0.020
3.79 N.D. N.D. N.D. 3.20 3.30 N.D. 2.99 3.40 3.18 N.D. N.D. 4.18 3.15 3.07
Atomic Ratios:
Fe
Fe+Mg+Mn
Fe+T4g+Mn
Mn
Fe+Mg+Mn
0.343 0.399 0-.-375 0.382 0.330'0.329 0.462 0.411 0.474 0.474 0.403 0.429 0.591 0.350 0.366
0.642 0.599 0.624 0.617 0.651 0.644 0.538 0.561 0.512 0.510 0.568 0.532 0.405 o.644 0.610
0.0017 .oo16 .0018 .0011 .0027 .0023 .ooo4 .0016 .0009 .0014 .0026 .0013 .0011 .0005 .0006
N.D. = Not Determined
* = Total Fe as FeO
+ = Determination by emission spectrography
Fe203
FeO
MnO
Cao +
Cr2 0 3
TiO2 +
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Calculations were then performed producing the atomic ratios of
the trace elements in question (Cr,CONi) with the following
substitutions in mind:
1. In biotite 6-coordinated positions - Cr, Co, Ni
2. In garnet 8-coordinated positions - Cr, Co, Ni
These data are represented in Tables 8 and 9 and the distributions
illustrated and discussed in the following section.
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6 ELEMENT FRACTIONATION
BETWEEN COEXISTANT MINERALS
6.1 Introduction
Some data :relating to the chemistry of the gneisses of the
Ganonoque - Westport area has been published (Wynne-Edwards and
Hay, 1963). For most elements, however, they had too little infor-
mation to draw conclusions as to the extent of equilibrium in those
rocks. The determinations made on the 15 samples of this study are
combined with the data of Wynne-Edwards and Hay and presented gra-
phically in the next section, in some cases, e.g., the distribution
of nickel between biotite and garnet, the combined data provides
information not available in their study.
The distribution diagrams employed here are similar to those
used by Kretz, (1959) and Wynne-Edwards and Hay, (1963) so that a
direct comparison may be made. Data taken from their paper is
shown in Table 10.
TABLE 10. Chemical Data on Coexisting Garnets
from Wynne-Edwards and Hay (1963).
BIOTITE
and Biotites
GARNET
2.81
H-70
7.65
H-126 WE-4
4.31
H-29
4.534.39
14.62 15.75 15.10 13.61 16.11
8.70
0.05
Tr
8.4o
0.13
Tr
8.20
o.o6
Tr
H-66
5.27
H-70
4.62
24.68 26.13 23.50
7.60
0.08
Tr,
6.70
0.10
1.50
Fe203
Feo
MgO
Mno
CaO
Cr203
Coo
NiO
Atomic Ratios:
0.432 0.484 0.449 0.404 0.509
0.510 0.477 0.445 0.434 0.427
o.ooo6 0.0015 0.0038 0.0017 0.0025
7.10
0.56
1.89
5.67
o.80
1.45
0.012 0.011 0.009
o.0o6 0.005 0.005
0.002 0.005 0.002
0.673 0.664 0.684
0.325 0.321 0.293
H-126 WE-4
3.22 4.49
26.36 28.17
7 95 6.54
0.84
1.64
0.85
1 .51
0.012 0.008
0.006 0.005
0.003 0.011
0.637 0.693
0.342 0.286
0.023 0.021 0.021
4.27
0.053 0.034 0.028 0.036 0.016
0.014 0.009 0.012 0.013 0.010
0.026 0.018 0.012 0.016 0.010
9.70
0.02
Tr
XFe
XMg
X M
H-29 . H-66
0.0027 o.014
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6.2 The Distribution of Fe+ 2, Mg and Mn betweeP Garnet and Biotite
The distribution of Fe+2 is shown in Figure 12. Here the
atomic ratio Fe+2/ Fe+ 2 + Mg + Mn for garnet is plotted against the
ratio Fe + 2 Fet2 Fe+3 + Mg + Mn for biotite. The dat although
showing a possible regular distribution, is quite scattered. This
in accordance with the observations of (Kretz, 1959, Wynne-Edwards
and Hay, 1963). Kretz observed a correlation between the distri-
bution of Fe and Mg between garnet and biotite and the Mn content of
garnet and was able to define the various distribution coefficients
on this basis. No such chemical correlation was observed in this
study. There is, however, a slight inverse correlation between the
distribution coefficient K ar/Bio and the modal ratio cordierite/
biotite + garnet + cordietite. The various groupings are more
easily recognized by plotting the molecular ratio FeO/1jgo for the
garnet vs. the molecular ratio Fe for biotite. (Figure 12A). ThreeNgO
reasonable distinct groups of distribution coefficients may then be
noted according to amounts qf cordierite present. Samples 8 and
W-4-58 are erratic for no obvious reason, although zoning of the
garnet of sample 8 has been noted (see Section 9.7).
The distribution of magnesium between garnet and biotite
(Figure 13) shows essentially the same scatter as that for iron. This
is expected as Fe and Mg form the larger part of the atoms in the
group (Fe + Mg + Mn). A closer estimation of the distribution of
Fe and Mg would require a more extensive range of iron and magnesium
concentrations and Fe /ig ratios.
The manganese distribution between garnet and biotite is shown
in Figure 14. A much greater range of atomic ratio values is ex-
hibited here, and although there is considerable scatter, a regular
distribution is obvious. The distribution coefficient Kio/Gar 22M~n
as compared to the value of 30 obtained by Kretz possibly indicating
a different grade of metamorphism in the Ganonoque rocks Miyashiro,
(1953). Chinner, (1960) however, has shown that the manganese
content of garnet may be controlled significantly by the original
oxidation state of the rock. Kretz, (1960) also states that the
Mn distribution between garnet and biotite in the rocks of south-
western Quebec was controlled by the Fe /Mg ratio of the garnet as
well as T and P. This relationship has not been observed in this
study.
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there is
It is interesting to note that no correlation with the dis-
tribution found by Wynne-Edwards and Hay, (1963) who state that,
at this grade of metamorphism, garnet reaches saturation with
respect to Mn at about 2.3% spessartite molecule. This study finds
acceptance of the spessartite molecule in garnet up to at least
5%.
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6.3 The Distribution of Cr, Co, Ni and Ca between Garnet and
Biotite
The chromium distribution between garnet and biotite is shown
in Figure 15. The data points although somewhat scattered, show
a fairly regular distribution curve with slope of about 0.60. This
would indicate an affinity of Cr for the biotite structure as
opposed to garnet. In this light, it is possible that part of the
chromium substitutes for aluminum in the 4-fold coordination posit-
ion. This correlation might be exposed if the Al concentration in
biotite and garnet were known. However, Moxham, (1965) finds, in a
study of the distribution of Cr between biotite and hornblende, that
data scatter is enhanced if Cr is assumed to substitute in the te-
trahedral position. The data from Wynne-Edwards and Hay, (1963)
shows only one sample, (WE-4-58) with a distribution of Cr similar
to that found in this study. The other samples exhibit a much
stronger partition of Cr to the biotite phase.
Kretz, (1959) found no regularity of distribution to Cr between
garnet and biotite. The reason for this is not clear. There is the
possibility, however, that the spectrographic technique employed by
Kretz was near the limit of sensitivity for Cr.
The distribution of cobalt between garnet and biotite is ill-
ustrated in Figure 16. The distribution is quite regular and the
distribution coefficient KBio/Gar. 0.40 is in good agreement with
data from Wynne-Edwards and Hay, (1963). Carr and Turekian, (1961)
noted that while the total amount of Co in a rock or mineral is
often closely correlative with the total concentrations of Fe and
Mg, its behavior in coexisting minerals seems akin to neither one.
However, it is noted in this study that the partitioning of cobalt
to biotite is quite strongly dependent on the distribution of
molecular FeO/MgO between garnet and biotite as illustrated in
Figure 16A. The plot shows that there is an inverse relationship
Gar/Biobetween the cobalt content and the distribution coefficient KrFe0/kgo
which may possibly be controlled by the total concentrations of
FeO and MgC in the rock
The distribution of nickel between garnet and biotite is shown
in Figure 17. Although the greater number of samples show a
regular curvilinear distribution, the combination of data from
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Wynne-Edwards and Hay, (1963) indicate the possibility of two fur-
ther distributions indicated by dashed lines in Figure 17. An
expected coherence with data for Co, Fe+2 and Mg, all of similar
size, is not observed and the reas6n for the various distributions
is at present unknown.
One would not expect to find a regular distribution of calcium
between garnet and biotite. The distribution would be strongly dis-
proportionate, garnets being able to accept Ca atoms readily in the
8-coordinated position while Ca substitution in biotite is limited
to the 12-coordinated K sites, which are more suited to larger sing-
ly charged cations. The distribution diagram of the rocks of this
study, Figure 18) shows scattered data points but a regular distri-
bution is nevertheless evident. The scatter would be expected to be
diminished somewhat if the atomic ratios were used instead of oxide
concentrations.
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6.4 Discussions of Results
It is evident from the distribution illustrated in the last
section that the application of Nernst's Law to the distribution
of elements of low concentration is valid. Equilibrium between
garnet and biotite is certainly evident for manganese, chromium,
cobalt and nickel. In addition, the regular distribution of Mn
between biotite and garnet, where Mn is a minor rather than trace
component, points to the validity of employing distribution dia-
grams for the investigation of elements whose concentration pre-
cludes dilute solution laws but whose chemical characteristics
allow ideal solution in a mineral structure.
Although the diagrams depicting the distribution of Fe and Mg
show considerable scatter, it has been shown (Figure 12A) that the
distribution of Fe and Mg between garnet and biotite reflects the
presence and amount of cordierite in the rock. Wynne-Edwards and
Hay, (1963) have previously shown that the presence and amount of
cordierite in these gneisses is dependent on the relative amounts
of FeO, MgO and CaO in the rock. Thus, the distribution of Fe and
Mg between garnet and biotite is dependent on the whole rock chem-
istry and an approach to equilibrium is apparent with respect to
these elements.
Ramberg and DeVore, (1951) have shown that in (Fe, Mg) garnets
and biotites, assuming activity coefficients are constant if not
unity:
- Gar Gar
Bio X x Bio0
K = Mga . = exp -AG0 / 2RT (1)
Mg 1-XGar Bio
Mg X-g
The distribution coefficient K may vary with temperature and
pressure according to the relations after McIntire, (1958, 1963):
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whereA H is the change in partial molar enthalpy andA V is the
change in partial molar volume. Therefore, the distribution co-
efficient of Fe or Mg could be altered by a change in T and sub-
stantially less by a change in P. Thus, the scattered distribu-
tions for Fe, and Mg as seen in Figure 12 and 13, respectively,
could also be caused by different P, T conditions among samples.
This may also be the cause of the scatter around the relatively
uniform distribution of Mn as illustrated in Figure 14. However,
this is unlikely as some of the samples were taken within 40 feet
of each other and these show no less scatter. The same argument
holds for the distribution of Co, Cr, and Ni.
The scattering must therefore be attributed to error in the
chemical data or small scale disequilibrium,Phinney, (1963). This
because of
disequilibrium could reasonably arise(j3 metamorphic equilibrium
over only very small volumes due to: (1) initial inhomogeneities
of the protorock, (2) slowness of diffusion to and from the site of
mineral growth (3) low reaction rates (4) zoning of some of the
various metamorphic products.
Since much of the previous work done on the equilibrium of
metamorphic minerals assumed equilibrium on the local scale and
chemical analyses were performed in several different manners, all
potentially producing a scatter of points similar to those distri-
butions illustrated in the last section, it was decided to test
the assumption of local equilibration by examining possibilities
stated above. The results of these tests are given in the follow-
ing chapters.
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SECTION II
THE SPATIAL EXTENT OF LOCAL EQUILIBRATION
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7 INTRODUCTION
7.1 The Problem
The data of the previous section and that of Kretz, (1959,
1961), Wynne-Edwards and Hay, (1963), Phinney, (1959) and others
who have attempted to define equilibrium distributions for various
elements, commonly show a considerable scatter and indication of
non-equilibrium. However, Zen, (1963) has shown that even from a
textural and mineralogical stand point, most metamorphic rocks are
in equilibrium even at much lower grades than the rocks of this
study have undergone. The following possibilities may be the cause
of the distribution irregularities:
1. 'Lack of chemical equilibrium in the rock system
2. Poor precision and accuracy of chemical determinations
3. Lack of knowledge of all the variables in the chemical
system
0r
4. Samples taken do not reflect a single regiondomain of
chemical communication and equilibrium, or a statistically
significant number of these domains if they are small.
The first of these possibilities may be eliminated because both
texture and mineralogy are consistent with thermodynamic equilibrium
in metamorphic rocks as defined by Eskola, (1915), Fyfe, Turner and
Verhoogen, (1960) and others.
The second, -though still a possibility, is highly unlikely
because many workers using different analytic techniques all encount-
er the same difficulties with respect to the equilibration of major
and sometimes minor elements.
The third possibility is a serious problem for equilibration
studies. Some of the parameters of metamorphism are cryptic, and
to decipher many of the variables in a chemical study of metamorphic
rocks, it is necessary to "plot everything against everything." It
is usually possible, however, to get good chemical control on the
system although this does not eliminate the scatter within the
assigned ranges of variability, (Kretz, 1959, this study).
The fundamental problem may be in the fourth possibility listed
above. -The size of natural chemical systems in rocks is usually an
unknown quantity. Local equilibrium is certainly established within
a specific rock under the conditions imposed upon it. However,
indication of this equilibrium may be lost by irregularities in the
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distribution functions if sampling is not performed with
this possibility in mind.
Throughout the literature, there has been vague and
sketchy mention of the size of the domains of local equili-
bration ( Harker, 1939, Kretz, 1960, Moxham, 1965, Phinney,
1959, 1963). Workers in the field of metamorphic equilibration
studies strive to collect and use small samples, 4-5 cm. in
each direction, to insure "local equilibrium conditions",
(Moxham, 1965). This attitude was taken in the present study
and as in Kretz's 1959 paper, the poor quality of the distribu-
tions was still evident. In this light, Moxham (1965), in a
study of element distributions between coexisting hornblendes
and biotites, found that certain elements showed a definite
distribution, whereas others just approached an equilibrium
distribution and some did not seem to approach equilibrium
at all. It may be, however, that in the investigation of the
volumes of equlibration, the elements which show very little
regularity on a large scale may exhibit a regularity within
a small domain.
Phinney(1959,1963) found a correlation between the
FeOAgO ratios and the garnet to staurolite ratios in the
rocks from St. Paul Island and Money Point, Nova Scotia.
He attributed this to the regularity to the small scale
of diffusion of Fe and Mg during metamorphism.. Checking his
theory, he hand-picked biotite grains from several thin
sections noting the position of the grains picked. The
grains exhibited a distinctive Fe/Mg ratio when analyzed
spectrographically. Phinney found that the samples with
a homogeneous texture showed similar compositions for all
biotite grains, whereas in theless homogeneous rocks, biotite
grains showed similar compositions over only a distance of
a few millimeters.
Similar observations have been made by Harker(1893,
1939) in thermally metamorphosed limestones, by HagnerLeung
and Dennison(1965),in mafic silicates of a single pyroxene
MON.
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amphibolite specimen, by Kretz (1966) in Australian biotite-
muscovite-garnet gneisses and by Albee, Chodos and Hollister
(1966).
Thus the problem remains of assigning a specific
volume of equilibration to aparticular phase with respect
to a particular element under certain conditions of
metamorphism.
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7.2 Theoretical Considerations
There are two fundamental requirements which must be fulfilled
in order to cause a metamorphic mineral to nucleate and grow. First,
all the elements constituting the mineral must be available at the
very point at which a nucleus is formed. Second, the elements must
be continually supplied to the place of growth for as long as the
growth takes place.
At equilibrium, the chemical potential of a component must be
the same throughout the chemical system but the probability of form-
ing a nucleus would depend on the energy of nucleation, the con-
centration of the ielevant elements and the mobility of the elements
forming the nucleus. As the nucleus is formed it absorbs its com-
ponent elements from the surroundings and may cause a severe rel-
ative drop in the concentrations of some of these components in its
immediate proximity. Further growth of the phase, and,therefore,
also the stability of the nucleus, is determined now largely by the
ease of transferral of these particular elements from surrounding
sources. Thus the rate of diffusion of the appropriate substances
through the rock to the point of crystallization may influence
greatly the size of the resulting crystal and the degree of equil-
ibration which that portion of the rock attains. In the same light,
(Harker, 1939) points out that the narrow range of diffusion places
a check upon chemical exchange reactions during metamorphism. Thus
the equilibrium systems to which the phase rule may be applied may
not hold for the rock at large but only for a small equilibration
domain in which free diffusion has been operative.
It is evident that one must first investigate the theory of
nucleation and growth of metamorphic minerals and the effectiveness
of diffusion in silicate rocks in order to establish the dimensions
of equilibration domains.
- The problem of nucleation and growth of minerals in the solid
state has been discussed by Jacobs and Tomkins, (1955), Fyfe,
Turner and Verhoogen, (1958), Stone, (1961) and Kretz, (1966). An
extensive review of the problems and present knowledge in this
subject has been given by Rast, (1965). Generally the work in this
field has been done with regard to metallurgical problems, but
most of the findings are applicable to geology although there is
a paucity of knowledge of this sort pertaining to silicates.
The nucleation and growth of metamorphic minerals is partic-
ularly complex because mineral nucleation and growth need not be
contemporaneous with deformation. There is thus a problem of
assigning specific conditions to the nucleation and growth stages.
The problem of nucleation has been discussed by Smoluchowski, (1951)
who states that a nucleus (cluster of atoms) in a homogeneous
medium occurs due to statistical fluctuations of concentrations of
atoms. Nucleation is a slow process as very small nuclei must
reach a certain critical size in order that their volume free
energy (negative") may overcome their positive surface free energy.
Above this size the nucleus is stable and will continue to grow.
The chemical energy of nucleation is determined by the avail-
ability of material on site, the facility of diffusion of material
to and from the site, and favorable metamorphic conditions. The
rate of nucleation is not known for silicates although it is con-
sidered very slow, (Turner and Verhoogen, 1960, Rast, 1965). It
is generally considered that for metals, rates of nucleation follow
an exponential or linear law, Smoluchowski, (1951) and this is
probably true of silicates.
Three different models of nucleation and growth of metamorphic
minerals may be considered, (Kretz, 1966, Galwey and Jones, 1963,
Jones and Galwey, 1964).
1. All grains nucleate at the same time and extract growth
matter from the surrounding volume. Thus the final size
of the mineral grains, for example, garnet is determined
by the size of this domain, the rate of diffusion to the
grain and the proximity of phase analogs.
2. Continuous nucleation followed by constant growth. The
size of the crystal is then also dependent on the time of
nucleation.
3. All grains nucleate at the same time but certain grains
are situated along paths of relatively high diffusivity.
These grains may grow at a relatively rapid rate and to
a large size.
Acombination of all three of these possibilities seems most
likely since nucleation has been shown experimentally not to be
instantaneous although Rast (1956) described garnets, grown under
static conditions in a micaceous quartz-feldspar matrix, that were
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of similar size and exibited haloes of clear quartz. No mica or
plagioclase remains in the haloes which were from 2 to 4 m.m. in
thickness.
All of these processes involve the diffusion of material to
and from the crystallization site. The process of solid diffusion
has been investigated experimentally by Jensen, (1965) and others.
Jensen finds that the distances over which solid diffusion can be
effective is relatively short, being rarely more than a few centi-
meters. However, he states that transport of substances by re-
latively rapid movement through rock openings, along fracture zones,
around mineral grains and into crystals through flaws and breaks
may enhance the diffusion distance substantially.
Solution and consequent diffusion of dissolved material are
subject to the primary conditions of metamorphism, i.e., temperature,
pressure and chemical gradient. Diffusion itself is not only a slow
process but it is also only operative during a finite period of
time. Then migration or interchange of material within a rock under-
going metamorphism is confined to narrow limits.
Harker, (1939) states that the mineral formed at any given point
depends on the composition of the rock within a very small radius
about that point. He-shows that the limit of effective diffusion
thus indicated is commonly a fraction of an inch as exemplified by
the preservation of thin layers different composition in a banded
sediment through high grades of metamorphism.
Rast, (1965) proposes, however, that vacancy diffusion under
dynamic conditions would be enhanced due to the rapid formation of
mineral dislocations. The common homogeneity of matrix materials,
the general absence of zoning in the feldspars and the scarcity of
solid inclusions in quartz in metamorphic rocks seem to attest to
considerable ease of diffusion, although the volume over which free
chemical communication takes place may be quite small. According to
textural(Rast, 1965) and chemical evidence (Korzhinski, 1959,
Thompson, 1959, Phinney, 1963) mosaic equilibrium may be the rule,
suggesting that the volume law of Lindgren, (1925) holds for met-
amorphic reactions on a small scale.
A study of chemical equilibrium in metamorphic rocks should
not, then, be placed on a purely petrographic or purely chemical
basis. Investigations of chemical equilibration must include strict
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petrographic control on mineralogy, grain'size, interphase-analog
distances, rock microstructure and, of course, the spatial degree
of chemical equilibrium, i.e., that volume over which free diffus-
ion and chemical communication has taken place.
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7.3 Proposed Method of Study
The methods of study of the extent of local equilibrium will
entail the examination, in great detail, of the chemistry and
petrography of a few selected specimens. Examination of a partic-
ular specimen will entail true grain size measurements of the co-
existing minerals in question and the spatial distribution with
respect to grain size of a particular phase. These relationships
should give an indication of the nature of nucleation and growth
of the particular phase in question, Kretz (1966). An examination
of micro-structure at the thin-section level will, most likely,
shed light on the ease of diffusion with respect to direction. This
may also have a large effect on the size and shape of the equilib-
ration domain.
Finally, an attempt will be made to determine the spatial ex-
tent of chemical equilibration between coexisting grains. Since
this is essentially a measure of the volume of free diffusion, as
discussed above, the distances over which the domains extend may be
very small. It may also be that the various minerals are chemically
zoned and only the outer portion of a particular grain is in equilib-
ration with its surroundings, (Albee et al., 1966) as found in some
of the pelitic schists of Vermont. It is obvious then that analyses
of coexisting grains may have to be made at the micro scale and this
will be discussed later under analytical methods and the section on
zoning in garnets.
Athigher metamorphic grades, however, particular grains in a
rock may have equilibrated internally and the domains may be measur-
able by careful handpicking and analysis out of situ. One may
expect that this is the case for many of the elements of Kretz's
study of the Grenville schists of southern Quebec, Kretz (1959, 1960).
It is apparent that for many elements examined, there seemed to be
no difficulty in finding regular distributions between coexisting
grains picked from samples of small hand-specimen size. One might
then expect that, in this case, the domains of local equilibration
were much larger than in Albee's Vermont study and that the grains
had achieved internal equilibrium.
Those few samples selected for examination of the size of the
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domains of local equilibration will be subjected to a rigorous
petrographic analysis with respect to grain size and intergranular
(same phase) distance measurements. Observations will also be
made as to grain shape and micro-structure such as lineation and
foliation. These observations will then later be incorporated with
the chemical data in the discussion of the sizes of the thermo-
dynamic systems involved.
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7.4 Description of the Samples
Two samples were selected for a study of the shape and size
of equilibration domains. The selection was made on the basis of:
1. Sufficient garnet and biotite for analytical purposes
2. Lack of retrogression of garnet and biotite
3. Possession of typical assemblages for the gneisses of the
Ganonoque-Westport area.
4. Rocks with two different grades of metamorphism were chosen
to see the effect of grade on the size of the domains of
chemical communication.
5. Possession of distinct micro-structures, since it is poss-
ible that-diffusion may be largely controlled by structural
phenomena such as foliation and lineation.
The samples selected for this intensive study included a strong-
ly foliated biotite-garnet-cordierite gneiss (No. 17) and a pyroxene-
garnet gneiss (No. 42) with a less distinct foliation. Modal analy-
ses for these rocks are shown in Table ll.
Sample 17 was collected on Brier Hill Road, 1.6 miles east of
the village of Morton, South Crosby Township (See Figure 4). The
rock is a medium grained, highly foliated gneiss with quartz, K-
feldspar, garnet and biotite as obvious major components in hand
specimen. Microscopically, the gneiss exhibits an extremely well-
developed foliation with foliation planes populated with biotite,
sillimanite, garnet and cordierite grains for the most part. A
section perpendicular to the foliation exhibits severely elongated
garnets in the plane foliation. Some of these elongated garnets
contain sillimanite needles which continue uninterrupted through
the garnet. The elongated garnets also have local inclusions of
quartz, K-feldspar and biotite. The biotite inclusions, like those
of sillimanite retain their orientation with respect to foliation
and lineation. The elongated garnets, discussed further in the
next section, are mantled by cordierite and K-feldspar.
Cordierite occurs as subhedral grains containing inclusions of
quartz and sillimanite. Usually it is altered at grain boundaries
and along fractures to waxy, yellow green aggregates (pinite).
The biotite occurs for the very great part in the foliation
planes, but is also found scattered throughout the quartz-feldspar
layers. Biotite occurs mainly as unaltered, ragged grains, commonly
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TABLE 11. Modal Analyses of the Gneisses used for the
Study of Equilibration Domains.
17 42
Quartz 34.1 17.8
K-Feldspar 22.9 56.9
Plagioclase 2.9 9.7
Biotite 3.5 1.4
Garnet 11.1 5.2
Hypersthene - 6.9
Cordierite
Sillimanite
*
Opaques,
Zircon
Sericite and
Chlorite
13.4
9.9
2.2
Tr
1.7
0.3Tr
* magnetite, ilmenite
Tr tO.05 percent
- missing
and pyrite
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with inclusions of zircon. Magnetite inclusions are uncommon in
this specimen.
The feldspars of specimen No. 17 are unaltered; the K-feld-
spar does not show microcline twinning and the plagioclase is An4 0.
Sample 42 was collected from a small outcrop on the Wood's
Road into Benson Lake, 2 miles east of Bedford Mills, Bedford
Township (Figure 4). The rock exhibits a well developed layering
in outc-rop but foliation is not distinct due to the lack of platy
minerals. The major phase constituents are quartz, K-feldspar,
plagioclase, orthopyroxene and garnet.
Garnet occurs 'as small to medium sized, rounded grains with
sparse inclusions of quartz. It is unaltered. The orthopyroxene
is hypersthene and occurs as scattered subhedral grains. Minor
chloritic alteration of the hypersthene is observed at grain bound-
aries.
Biotite is a minor constituent of the rock and occurs as small
ragged, unaltered grains scattered throughout the gneiss and con-
centrated in pyroxene-garnet-biotite layers.
The K-feldspar present seems to be of the monoclinic variety.
The plagioclase is An30 . Both K-feldspar and plagioclase are un-
altered.
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7.5 Morphology of the Garnets
Sample No. 42 exhibits normal rounded garnet grains with no
distinguishing features. The garnets of sample 17, along with
many of the other gneisses used in the first part of this study
(See Appendix I), are strongly elongated, however. They are flat-
tened in the plane of foliation and many, when observed parallel
to the foliation surface, are elongated in the direction of linea-
tion.
Foliation in these gneisses is defined by the interface between
layers of different composition and it has been proposed that the
foliation surfaces are parallel to and coincident with, the original
bedding planes Wynne-Edwards, (1959). A lineation is marked by
corrugation on the foliation surface and segregation trains of min-
erals. In sample 17, trains of segregated sillimanite and garnet
define the lineation. The lineation direction parallels the adjacent
major and minor fold axes Vlynne-Edwards, (1959).
The garnets in the foliation planes are usually ellipsoidal in
shape with axis lengths commonly in the ratio 4:2:1. The sizes and
shapes with regard to their chemistry and position in the gneiss are
examined in detail in a later section. It is desirable at this
time, however, to consider the mineralogical associations of the
flattened garnets and possible origins for them as opposed to the
rounded garnets occurring in quartz-feldspar layers.
The rounded garnets of the quartz-feldspar layers are of
random size, ranging from about 0.1 to 2.5 m.m. in diameter. They
are associated in close proximity with quartz, K-feldspar, plagio-
clase and sillimanite. Biotite is present in these layers but is
scattered and seems to have no definite relationship to garnet.
The garnets located in the plane of foliation are almost al-
ways elongated and are closely associated in space with sillimanite,
cordierite and K-feldspar. Sillimanite was observed to be very
abundant in the plane of foliation where no garnet was present. The
modal concentration of sillimanite upon reaching a garnet face, de-
creased' sharply although some grains were still observed to pass
directly through the garnet. 'Biotite was observed to act in the
same manner. However, inclusions of biotite within the garnet were
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FIGURE 19. Diagram of a Thin Section of Specimen 17.
The section is cut perpendicular to the foliation and
is shown here as seen in plane polarized light.
Magnification is about 100x.
A typical elongated garnet is seen in the center of
the field of view with the common close association
of cordierite, C, and K-feldspar, K. The sillimanite
needles passing through the garnet uninterrupted
should be noted.
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very scarce. The flattened garnets are mantled by cordierite, K-
feldspar and quartz. K-feldspar and quartz were also observed as
inclusions in the garnet. A diagram of a typical flat garnet is
given in Figure 19.
Two possibilities come immediately to mind with respect to
the origin of the flattened and often elongated garnets.
1. The garnets nucleated in the plane of foliation and grew
by an exchange reaction with biotite and cordierite as
normal spherical to subspherical grains. Later tectonic
deformation caused the garnets to assume their present
form.
2. The garnets nucleating and growing on the foliation sur-
face grew as pseudomorphs after biotite or had their
growth controlled by the foliation surface.
The first possibility may be eliminated on the bases that
(1) no fracturing of the garnets was noted. If the garnets had
been flattened by tectonic deformation, one would expect fracturing
of brittle garnet. Further, (2) none of the elastic effects around
inclusions as discussed by (Rosenfeld and Chase, 1961) and Smith,
(1953, 1963) have been noted and (3) the garnets in question show
no anisotropic effects. It is thus considered that the possibility
that these garnets formed in this manner is highly unlikely.
If the second possibility is assumed to be correct, the process-
es and reactions which have taken place must be investigated care-
fully since Atherton, (1965) has stated that, in most cases, there
is no direct prograde growth of one mineral from another. However,
let it be assumed for the moment that biotite existed before the
garnet formed, or at the latest was present in its early stages of
nucleation. Under these circumstances, the nucleation of garnet
would take place at a position in the rock whcrc the garnet com-
ponents were readily available, probably in, on or very near biotite
crystals Rast, (1965). The growth of the new phase, garnet, of
fairly restricted composition, results in changes in the composition
of the more variable phase, biotite. The initial biotite composit-
ion, high in iron, is controlled by the rock composition which is
in itself quite variable (Nicholls, 1958, W. H. Dennen, personal
communication, 1967). The growth of garnet then results in biotites
of increasing magnesium content.
As the garnet grows, it must draw component material from the
surrounding biotitic material by an exchange reaction, possibly the
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following where the garnet is becoming more iron-rich and the
biotite more magnesian.
K(Mg,Fe)3 (AlSi3 )010 (OH)2 + Al2Sio 5 + 2 SiO2
Biotite Sillimanite Quartz
(Mg,Fe)3 Al2Si 3 01 2 + KAlSi3 08 + H20 (1)
Garnet K-feldspar
At a specific temperature, the degree of equilibration will depend
on the proximity and abundance of garnet components and the ease of
diffusivity of components to and from the site of growth. In this
light, one might expect that if nucleation of garnet took place
along planes or lines of increased ion mobility, the garnets would
growif not rapidly, at least to a greater size,and chemical com-
munication between surrounding biotite and garnet grains would be
enhanced.
It is suggested then that the flattened, elongated garnets ob-
served in this study nucleated within or on biotite grains on folia-
tion surfaces. The garnets then grew incorporating material from
the surrounding biotite. Further growth was enabled by increased
mobility of components along the foliation surface and lineation
direction resulting in accelerated growth in these directions while
growth in the direction perpendicular to the foliation was inhibited
because of a lesser diffusivity in this direction. The resulting
garnet need not be pseudomorphous after a single biotite grain al-
though in many cases in these rocks this seems a definite possibility.
It should be noted here that the cordierite and K-feldspar
closely associated with the garnet grains coupled with the modal con-
centration changes of biotite, sillinanite and garnet along the
foliation surfaces gives supporting evidence for the validity of the
reaction (2) given above.
It might be expected then that the domain of chemical equilib-
ration would take on an ellipsoidal shape with its long axis parallel
to the foliation and lineation directions, the medium axis parallel
to foliation and perpendicular to lineation and the short axis per-
pendicular to both foliation and lineation. This theory will be
tested in a later section.
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Wynne-Edwards and Hay, (1963) have pointed out that the
occurrence of coexisting garnet and cordierite in these rocks is
dependent on the CaO content of the rock as well as FeO/MgO ratio,
Chinner, (1959). They find that in rocks containing no free plagio-
clase, biotite and cordierite were present with no garnet. These
rocks also have a low FeO/ 4 gO ratio. As the CaO content increases,
cordierite-garnet assemblages are stable. Further rise in the
lime content affords cordierite-free, garnet-bearing gneisses.
If the diffusion rates across foliation surfaces are inhibited
as proposed above, then we might find biotites and garnets of dis-
tinctly different composition in adjacent layers since reaction (1)
above may hold true in quartz-feldspar-sillimanite-biotite layers
while a reaction such as
10 K2 (Fe,Mg)5.5A 3Si 5 .502 0(OH)4 + 28 Al2Sio 5 + 65 S102
Biotite Sillimanite Quartz
ll(FeMg)2Al4Si5018+11(Fe,Mg)3 Al2Si 3 01 2 +20KAlSi0Op+20H2 0 (2)
given by deWaard (1966) may be in operation in the biotite-silliman-
ite-quartz assemblages of the foliation surfaces.
It may be true that prograde reactions of the type discussed
above are not operative during the crystallization of index minerals,
Yoder, (1955), Atherton, (1965),and the main crystallization of the
index minerals takes place after dehydration of the rocks and the
distribution of isotherms &. It is certainly possible
that reactions involving chlorite, muscovite and other low-grade
and even non-metamorphic minerals could be substituted for the above
reactions. Again, the reaction products are dependent for the most
part on the composition of the rock and the above argument is
applicable.
8o
8 GRAIN SIZE ANALYSIS AND
INTERGRAIN DISTANCE MEASUREMENTS
8.1 Apparatus and Techniques
The sizes and distribution of mineral grains in metamorphic
rocks are needed for a full understanding of the physico-chemical
processes affecting their nucleation and growth. Data on the size
distributions of garnet grains has been presented by (Galwcy and
Jones, 1963, Jones and Galwey, 1964 and Kretz, 1965). The distri-
butions observed here will be compared to those works and an attempt
will be made to decipher the growth of garnet grains in the rocks
studied.
Sample 17, described above, was chosen for an intensive study
of garnet grain sizes and intergarnet distances. Further, the Fe,
Mg, Mn and Ca concentrations, were determined on all grains measured.
The original specimen of Sample 17, measuring 9.0 X 7.5 X 7.3 cm.
was trimmed with a diamond saw to remove any weathered rind. Sur-
faces were cut, one parallel to (17 II) and one perpendicular to (17 I)
the follation and these thick slices were in turn cut into slabs of
roughly the dimensions of a petrographic slide. The slabs thus
formed were cemented to petrographic glass slides and the top surface
ground parallel to the glass base. 0 Grinding was performed on a
lap using 400 mesh alumina.
A micrometer grinder, capable of allowing the accurate removal
of down to 1/1000 of an inch, was cogyracted as an adaptation of one
used at Iowa State University for the study of o'olites (Donald L.
Biggs, personal communication, 1966). Plate I shows photographs of
the micrometer grinder with descriptive notes.
With the use of a binocular microscope, the centers of all
garnets exposed were traced on a transparent overlay, the coordinates
of their centers determined, and the apparent grain size diameter
measured by means of an ocular micrometer. Following spectrochemical
analyses of the exposed garnets with a laser microprobe as described
below, the specimCn was ground parallel to the initial surface to
remove a layer of determined thickness (average = 0.25 m.m.) and the
coordinates and apparent diameters measured again. This process was
repeated until enough grains to delimit a significant population,
The Micrometer Grinder, Side View
The Micrometer Grinder, Bottom View
Plate IA
Plate IB
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both chemical and physical, was measured (a total of 9 times).
True grain diameters could thus be obtained for most grains inter-
sected at least twice, but dueto the odd shape of a great number
of the garnets some size parameters has to be estimated. The
sizes of about 2% of the garnets measured are by estimates on one
or more axes.
----4
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8.2 Grain Size Distribution of Garnet in Specimen 17 I
Since many of the garnet grains are approximately ellipsoidal
or spheriodal in shape, the distributions, as illustrated in Figure
20 employ the maxium, intermediate and minimum diameter of each
grain. The garnet grains range in shape from roughly spherical to
ellipsoidal. Hence, it was possible to calculate the grain volume
distribution using the equation,
Volume 
=7 d1 d2 d3
6
thereby converting .diameters measured to volume. The volume distri-
bution of garnets in specimen 17 I is shown in Figure 21. A summ-
ary of grain size measurements is shown in Table 12.
The diameter of garnet grains in specimen 17 I was found to
range from 0.36 to 10.6 m.m. on the long axis, 0.35 to 3.96 m.m. on
the intermediate axis and 0.30 to 3.44 m.m. on the short axis. The
grain size distribution was found to be bimodal as shown in Figure
20. The volume of the garnet grains in the section perpendicular to
the foliation range from 0.024 to 38.59 m.mA with a bimodal distri-
bution of volumes as shown in Figure 21. All the distributions
show a strong positive skewness. In this light, it should be noted
that it is possible that some of the smallest grains were not sec-
tioned during the grinding and measuring sequence. However, this
would not be expected to effect the overall distribution of garnet
sizes significantly.
The distributions of the long, intermediate and short axes of
the garnets in section 17 II cut parallel to the foliation are
shown in Figure 22. Although it might be expected, the prominent
bimodal character of section 17 I does not -show up here. This is
possibly explained by the fact that section 17 II exhibits garnets
through only one foliation surface while section 17 II affords ob-
servation of garnets throughout the complete section of the sample.
It is certainly possible that different nucleation and growth rates
might have occurred in different foliation laminae.
The distribution of diameter magnitudes of garnets in section
17 II shows a positive skewness although this is not nearly as
marked as in the section perpendicular to the foliation. The
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TABLE 12. Summary of Grain Size Measurements of Garnets in
Specimen 17
SECTION POPULATION
171 141
DIMENSION
Long axis
Int. axis
Short
axis
Volume
1711 243
Long axis
Int. axis
Short
axis
Volume
RANGE
(mm)
0.360-10.60
0.350-3.960
0.300-3.440
0.024-38.59
0.120-4.850
0.120-4.370
0.120-3.000
0.001-24.30
MODE
(mm)
2.30,3.60
1.30, 2.58
0.50,1.35
0.100,3.20
1.700
2.100
0.500
0.100
MEAN
(mm)
2.595
1.588
1.058
3.573
2.094
1.909
0.967
3.226
MEDIAN
(mm)
5.120
1.805
1.570
19.283
2.365
2.125
1.440
12.150
STANDARD DEVIATION
(mm)
1.65
0.79
0.56
5.27
1.05
0.92
0.57
3.97
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distribution of garnet volumes in this section, Figure 23, however,
does show a similar strong positive skewness as do the garnet vol-
umes of section 17 I
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8.3 Intergrain Distance Measurements
The coordinates of the centers of all garnet grains were noted
as a routine step in the determinations of apparent diameters. It
was then possible to calculate the distance to the nearest grain
and test the randomness of distribution of garnets in the two
specimens.
The slabs, 17 I and 17 II, measured roughly 78.0 X 36.0 X 1.30
m.m. and 93.0 X 81.0 X 1.20 m.m. respectively. The centers of
garnet grains in these slabs may then be considered points in a plane
and the departure of the distribution from randomness may then be
determined by measuring the distance to the nearest neighbor for each
grain (Clark and Evans, 1954).
For slab 17 I, perpendicular to the foliation, the following
information was obtained whereN= distance to nearest phase analog:
A = area in m.m 2 of slab =..............
n = number of grains measured =..............
/41= grain density = n/A =..................
r '= ............. ................ ..... .
ra= mean distance to nearest phase analog =
re = mean distance to nearest phase analog
expected in a random distribution of
the same density = 1/2 =..............
R = measure of departure from randomness
of distribution =
The value
gregation
tribution
of
to
as
"a/re =...............
R may range from 0 for a distribution
unity for a random distribution, to 2
evenly and widely spaced as possible.
.*** .. 2675.5
........ 141
......... 0.0527
....... 263.655
*. .... 2.044
... *.....2.179
........ 0.938
with maximum ag-
.1191 for a dis-
For slab 17 II, parallel to the foliation, the values found
were as follows:
A =; ................................. 6328.
n = ......... .. .*............................................. . . .. 243
/0.....=................................................... . . .. .3
r..''.' '' '' '' ' -- -- -. . ..... .............
r.
ra= '''
re=................................................................ ......
R~ =............................................................................9
.555.336
.2.373
.2.552
.0.930
1
40
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All calculations of distances to the nearest neighbor and of
the distribution factor R were carried out using IBM System/360
and the Fortran IV program described in Appendix 3.
The values R, computed both for the grain distribution, par-
allel to an perpendicular to the foliation, are only slightly less
than unity (~\,0.93). We may then infer that the distribution of
garnets in specimen 17 is very nearly random with a possible slight
aggregation. This is in good agreement with macroscopic observation
of these sections in which the garnets appear to locally aggregate
in trains in the lineation direction.
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8.4 Investigation of Possible Correlation of the Physical
Parameters Measured
As discussed above, the coordinates of the center of all the
grains, whose dimensions were measured, were recorded and the dis-
tance to the nearest phase analog calculated. This data, along
with the size measurements, allowed investigation of possible cor-
relations between them for further understanding of the nucleation
and growth habits of the garnets in these gneisses.
The calculation of correlation and covariance of the physical
measurements on the garnets from specimen 17 was carried out using
a computer program described in Biomedical Computer Programs, Health
Science Computing Facility, Department of Preventative Medicine and
Public Health, School of Medicine, University of California, Los
Angeles, and translated into Fortran IV for IBM System/360 by Ralph
Wiggins of the M.I.T. Department of Geology and Geophysics. The
program and a brief discussion of its capabilities are given in
Appendix 4. In this case the variables examined were, for each
garnet; (1) long axis diameter A, (2) intermediate axis diameter B,
(3) short axis diameter C, (4) volume and (5) nearest neighbor dis-
tance. Output included a listing of data cases for each variable,
the covariance matrix, the correlation matrix and a step-wise re-
gression on each parameter as the dependent variable.
Tables 13 and 14 show the correlation matrix for the size and
distance measurements on the garnets of section 17 I and 17 II re-
spectively. As is evident from the correlation coefficients shown
in Table 13 and Table 14,there is a strong correlation between axial
diameters and grain volume but this, obviously, is expected. More
interesting are the correlations between the length of the garnet
axes. A very strong correlation between the long axis diameter A
and the intermediate counterpart B in section 17 II is apparent.
M less obvious, although quite strong according to the correlation
are
coefficients,Acorrelations between A and C and B and C. These co-
rrelations may be tested further by examining the regression analy-
sis which assumes, step-wise, each parameter as the dependent var-
iable and allows the computation of the dependency of the parameter on
the variation of each of the other parameters as independent
93
variables. For example, taking A, the long axis as the dependent
variable, it was found that 55% of its variance was due to variance
of the independent variable V, the volume.
From the regression analysis, it is evident that for section
17 I only the correlation of lengths of the intermediate axis B
and the short axis C is real. Assuming C as the independent vari-
able 59% of the variance in B may be accounted for. The regression
analysis showed also that there is no correlation between any of
the axial lengths on the grain volume and the distance to the near-
est phase analog.
The regression'analyses on the garnet parameters of section 17
II show a strong correlation betwwen A and B. Taking either as the
independent variable, 85% of the variance in the dependent variable
is due to variance in the independent variable. There is also a
strong covariance between the short axis and the volume. 68% of
the variance may be accounted for using either C or V as the depend-
ent variable.
Again, in section 17 II, there is no correlation between any
axial length or garnet volume and distance to the nearest garnet.
The matter of correlation of parameters measured on the garnets
of specimen 17 will be brought up again later when chemical data is
available.
TABLE 13. Correlation Matrix for the Physical Measure-
ments on Garnets from Section 171
Number of Variables
Number of Cases 95
A
1.000
B
0.562
1.000
C
0.511
0.768
1.000
A Long axis diameter
V
0.739
0.733
0.792
1.000
N
0.165 A
0.208 B
0.220 C
0.180 V
1.000 N
B Intermediate axis diameter
C Short axis diameter
V Grain volume
N Distance to the nearest garnet
TABLE 14. Correlation Matrix for the Physical Measurements
on Garnets from Section 1711.
Number of Variables 5
Number of Cases 195
A
1.000
B
0.924
1.1000
C
0.598
0.616
1.000
V
0.780
0.789
o.826
1.000
N
-0.074 A
-o.o66
-0.069 C
-0.042 V
1.000 N
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8.5 Discussion of Results with respect to Rock Texture
A brief summary of results obtained during the measurements
made during this chapter is as follows:
1. Many of the garnets are flattened and elongated. They are
flattened in the plane of the foliation, and often elongated
in the direction of lineation. In many cases, a pseudomor-
phic or, at least, a close association with biotite is
evident. It was proposed that nucleation took place on or
in grains of biotite.
2. Looking at a section cut perpendicular to the plane of fol-
iation, i.e., section 17 I, a bimodal distribution of axial
diameters and volumes of garnets was observed. A similar,
although less distinct, distribution was noted for the
axial diameters on the section cut parallel to the foliation
(section 17 II). The volume distribution on section 17 II
was analogous to that of section 17 I. All distributions,
especially the volume distributions,were positively skewed.
3. The distributions of grains in section 17 I and 17 II were
found to be close to random with a possible slight aggrega-
tion. Macroscopic observation deems this valid as there is
a small inclination of garnet grains to form in trains in
the foliation surfaces and lineation directions.
4. Correlation computations of possible covariance between the
various parameters showed strong correlation between the
length of the intermediate axis and the length of the short
axis. Good correlations were also observed between the
length of the long axis and the length of the intermediate
axis; the short axis length and the volume V.
There was no correlation between any of the measured axial
lengths or computed volumes and the distance to the nearest garnet.
In the last chapter, a discussion of the various aspects of nu-
cleation and growth of mineral grains in metamorphic rocks mentioned
the possibility of three models of nucleation and growth. The first
of these, i.e., that all grains nucleate at the same time (Galway
and Jones, 1963) involves the random distribution of nucleation sites.
Material for growth is extracted from the volumes surrounding the
nuclei. The dimensions and shape of these volumes are thus deter-
mined by the proximity of nearest phase analogs and a distinct
correlation between grain size and nearest neighbor distance should
occur. The lack of such a correlation in the garnets of specimen 17
eliminates this model.
A second model proposed nucleation to be an instantaneous process
but certain grains being situated along paths of relatively great
diffusivity grow at a relatively rapid rate. The possibility of var-
lations in the rate of diffusivity seems likely enough in specimen
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17 where garnets grown in the plane of nucleation are of an un-
common shape and usually larger than their normal-shaped counter-
parts in the quartz-feldspar-biotite layers. Eehl and Dube, 1951,
Jacobs and Tomkins, 1955 and Stone, 1961 have discussed nucleation
in solids and find that nucleation is not an instantaneous process.
Kretz, (1966) worked on the problem of nucleation and growth of
several different silicate minerals in metamorphic rocks supports
this conclusion. He finds that the nucleation of these minerals
followed a linear or power law depending on the stage of metamor-
phism and growth of, the particular grain.
The third possibility, i.e., that all grains grow at the same
rate but nucleation is a continuing process while conditions are
appropriate (Galwey and Jones, 1963) is probably not valid with
respect to a uniform growth rate. The growth rates of minerals are
a direct measure of the reaction kinetics taking place during met-
amorphism. The kinetics of metamorphic reactions are certainly dep-
endent on temperaturepressure, the availability of the necessary
components and diffusion to andfrom the site of crystal growth. Al-
though temperature and pressure are most likely constant over the
hand specimen-sized area of observation, the latter two are probably
variable. Changes in the nucleation rate (Mehl and Dube, 1951) and
the growth rate may be brought about by changes in the temperature
or changes in the rate of increase in temperature. The bimodal dis-
tribution of garnet sizes observed in this work was thus possibly
caused by one or more of the following:
1. Two stages of metamorphism causing two stages of nucleation
and growth of garnet.
2. Nucleation in regions of different whole rock chemistry
causing variability in the amount of material available for
garnet growth.
3. Nucleation in regions exhibiting structural and textural
variations, possibly causing a variability in diffusivity.
4. Variation in the temperature or the rate of temperature
increase during garnet growth.
As-discussed in the last chapter, the observations on garnet
shapes with respect to their mineralogical and textural environments
seems to indicate that the variables 2 and 3 were operative in these
rocks and others as well. Kretz, (1965 ) describes the grain distri-
bution of garnets in two schists from the same metamorphic aureole
in the Yellowknife-Beaulieu region of Canada. One schist exhibits
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a bimodal distribution of garnet sizes while the other is
unimodal. Kretz cannot believe that this is due to changes in
temperature or in the rate of increase of temperature. He
therefore, proposed that the chemical and /or textural en-
vironment was uniform throughout the sample displaying the
unimodal distribution but not in the sample with the bimodal
distribution of garnet sizes.
In the next chapter, the chemistry of the garnets in
sections 171 and 1711 will be investigated. The possibility
of relations between the data of this chapter and the chemistry
of the grains seems-most likely judging from the mineralogical
associations of the garnets.
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9 ANALYSIS OF GARNETS IN MATRIX
9.1 The Laser Microprobe
The selection of an analytic system for the investigation of
the chemistry of many garnets distributed over a sizable area was
of fundamental concern for this study. The electron micro-analyzer
is, for many elements, a precise and accurate tool but handles only
very small samples which would not be satisfactory in a program
such as this where the garnets were studied with respect to size
and distribution as well as chemistry. Further, an electron probe
was not readily available to the author.
It was decided' that the most practical tool for the job was
the laser microprobe (Brech, 1962,1963,1965,1967, Goldman et al.,
1964). This instrument, manufactured by the Jarrell-Ash Company,
has an enormous potential as a petrographic tool.
The Jarrell-Ash Laser Microprobe, Plate III,is a spectrochemical
source unit of wide applicability and is used to excite samples of
microgram size for emmission spectroscopy. It may be operated in
conjunction with any fast and efficient spectrograph.
A laser is a device for producing a powerful monochromatic
beam of light which the waves are coherent. The term "laser" is an
acronym for "light amplification by simulated eiission of radiation."
The essential component in the unit used is a single crystal of ruby,
containing 0.05% Cr, machined into a rod 4 cm. long and 0.5 cm. in
diameter. A powerful electronic flash tube is coiled about the
polished ruby to provide an intense source of "pumping" light. The
light raises the chromium atoms in the ruby to an excited state,
from which they drop back, in two steps, to the ground state,
Lengyel (1962). In the first drop to a metastable state, some of
the energy is given to the crystal structure, with no light emission.
In the subsequent second drop, thereis an emission of energy in the
form of photons, or quanta of light, with a wave length of 6943A.
The time required for a return to the stable state occurs at 1 to 2
milliseconds. When properly focused, the high intensity light beam
emitted provides such a high photon density that it can weld, melt
or vaporize a small amount of any substance.
The laser microprobe employ5a pulsed ruby laser to vaporize
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The Laser MicroprobePlate II
100
minute amounts of sample. The vapor temperature of approximately
0
5000 K, however, is not sufficient to achieve excitation adequate
for spectrographic analysis. The sample vapor is, therefore, fur-
ther excited as it passes between two auxiliary graphite electrodes
positioned above the sample and in front of the entrance slit of
the associated spectrograph. The vapor breaks down the high-poten-
tial gap producing emission energies sufficient to provide photo-
graphic recording of the spectrum.
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9.2 Standardization
The problem of standardization for laser spectrography is
analogous in many respects to those of electron microanalyzer.
The problem of finding chemically analyzed substances which are
homogeneous and of a similar composition to the unknown substance
is a challenging one. Fortunately, the matrix problems that are
so prevalent in analytical work using the electron microanalyzer
are not so disturbing in spectrographic analyses. In fact, there
is very little matrix effect if one employs silicate standards
for the analysis of silicates.
In this study, chemically analyzed samples of silicates, al-
ready powdered and homogenizedwere fused to a glass in alumina
0
boats at 1400 C in a combustion furnace. Chemical data on the
standards used are given in Table 15.
TABLE 15
* * + + + *A-50 A-12D G12A G25+ Gl R-1
Fe as FeO 26.5% 4.9 % 27.4 % 37.7% 30.8% 8.217%
MgO 1.8 16.8 10.9 5.3 9.4 14.24
CaO 15.3 22.8 1.6 0.97 1.3 20.46
MnO 2.0 0.11 2.8 0.43 2.2
Fe+
Me+g+n 0.89 0.28 0.71 0.89 0.76 0.36
+Mg+Mn 0.046 0.72 0.22 0.097 0.18 0.64
F+Mg+Mn o.o68 0.006 0.072 0.010 0.056
Ca 0.32 0.54 0.037 0.026 0.030 0.43
Fe+Mg+Mn+Ca
* = analyses by S. Krank, (1959)
4= this work, section I
** = analyses by G. Beall, (1962)
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9.3 Analytic Technique
Excitation parameters for the analyses of garnets in specimen
17 are given in Table 16. All photometry was performed on a Hilger
non-recording microphotometer.
TABLE 16
Spectrograph - Bausch and Lomb Large Quartz Littrow-Mounted
spectrograph.
Electrodes - 1/8" National Carbon Co. AGKSP graphite rods,
pointed pencil sharp.
Photographic Plates - Eastman Kodak 103-0
Analytic gap - 2 m~m.
Position of electrodes - 2 m.m.above sample
Cross excitation voltage - 1825 volts
Plate calibration - preliminary curve method. Neutral step
filter with steps of approximately 2.5
Wave length region - 2600A - 4200E
Plate Development - 3'50" at 22*C in Kodak D-19 developer.
Fixed for 25 minutes in Kodak Acid Fixer.
After grinding the slabs of sample 17 and measuring the garnet
apparent diameters and the coordinates of their centers, a slab was
placed on the microscope stage of the laser microprobe. Each garnet
exposed on the slab was then "shot" with the laser beam. The
routine for spectrographic analysis of each garnet grain was as
follows:
1. Locate the grain
2. Focus on surface of the grain
3. Flip in laser beam deflection prism
4. Pull out viewing mirror
5. Turn on flash-tube power
6. Raise stage 75 microns
7. Trigger laser and shoot garnet
8. Lower stage to focus and check crater
9. Change electrodes, rack plate and move on to next garnet
The electrodes were changed after shooting each garnet in ordcr
to prevent contamination by carry-over of sublimates from the former
shot.
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Since the power output of a ruby laser is very temperature
dependent, a strict time routine between shots was imposed on the
analysis. An interval of two minutes between each shot has been
recommended (Y. Pelletier, personal communication, 1967) and was
found entirely satisfactory in this study.
(indapcade-)
.After each garnet was analyzedin section 17 I (perpendicular
to the foliation) and 17 II (parallel to the foliation), the slabs
were ground again to remove 0.25 m.m. as described above, the
apparent diameters measured
Standard glasses were shot on every plate.
After measurement of line densities on a microphotometer, and
transformation of these densities to relative line intensities by
means of the photographic calibration curve, the following intensity
ratios were calculated:
IFe 2740 Mg 2852
Fe 2740 + Mg 2852 +Mn 4030 IFe 2740 +IMg 2852 +1Mn 4030
Mn 4030 'Ca 3158
IFe 2740 + Mg 2852 +Mn 4030 'Fe 2740 +IMg 2852 +IYn 4030 + Ca 3158
All intensity ratio data, for both garnets and standards was
converted to concentration data by means a Fortran IV program of a
least squares analysis for the IBM/360 adapted from Shaw and Bankier
(1954). The program, given in Appendix 2, allows a least squares
regression analysis of the standard data and gives average concen-
tration values for replicate analyses plus the standard deviation
and coefficient of variation for each analysis. The standard de-
viations of both the slope of the analytic line and its Y intercept
are also calculated.
Figures 24, 25, 26, and 27 show the resulting working curves
for Fe, Mg, Mn, and Ca respectively.
Analytic results for the garnets of section 17 I and 17 II plus
data on the precision and accuracy of the analyses are given in the
following sections.
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9.4 Precision and Accuracy
The least squares analysis of standard data (Shaw and
Bankier, 1954) programmed for the IBM/360 (See Appendix 1)
afforded output that included the slope of the working curve,
the Y intercept of the working curve and the standard deviation
of the points around the working curve. Also given in the out-
put were the mean of replicate determinations, x, for each un-
known, the standard deviation of each mean value, s, and the
corresponding coefficient of variation, C.
Table 17 presents the statistical data for the various
working curves and the average of the coefficients of variation
for all the grains measured in each section.
In order to evaluate the statistical data, a sample of the
standard diabase W-1 (Fairbairn et al., 1951) was fused to a
glass in the same manner as the standards described above.
During the course of the routine analyses of the garnets, the
W-1 glass was periodically "shot" following the same procedure
as for garnets. This operation was performed 5 times and the
resulting mean values and statistical data are presented in
Table 18.
A further check may be made on the accuracy of the garnet
determinations by seeing whether or not the concentration ratios
Fe/Fe+Mg+Mn, Mg/Fe+Mg+Mn and Mn/Fe+Mg+Mn add up to unity. Of the
222 garnets measured in this manner, only 21 or less than 10
percent gave values significantly different than 1.00, i.e.,
without the precision of-the analytic method. These determinations
were discarded, and since the garnets which were represented by
these unacceptable analyses were scattered randomly throughout
the samples, no significant change in the overall results are
likely.
As may be seen from the data of Tables 17 and 18, the precision
and accuracy of silicate analysis by this technique is entirely
satisfactory for most petrologic investigations.
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TABLE 17. Statistical Data from the Chemical Determinations
on Garnet Grains with the Laser Microprobe.
Slope of Y Intercept of
Working Curve Working Curve
XFe
X Mg
XMn
XCa
0.60
o.64
2.22
o.66
0.154
0.174
0.0065
0.033
S.D. of points Average C
around line for grains
0.035
0.042
0.017
0.023
6.65
12.8
0.83
10.8
XFe = Fe/Fe+Mg+Mn, etc.
TABLE 18. Statistical Data for Replicate Determinations on W-1
using the Laser Microprobe.
C Preferrgd
Value
XF e
XMg
XMn
XCa
0.65
0.34
o. 014
0.44
o.oo66
0.0038
1.01
1.13
0.00005 0.37
0.0098 2.24
0.65
0.35.
0.11
0.40
XFe= Fe/Fe+Mg+Mn, etc.
* Computed from preferred values of the oxides given
by Stevens et al. (1960).
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9.5 Results
In total, 365 garnet grains were measured in the above
manner for Fe, Mg, Mn, and Ca. Presenting an amount of data such
as this in an illustrative manner is in itself a problem. It is
desirable to present the data in the context of the rockshowing
the concentration of an element in a grain with respect to its
position in the rock section. Since tabular notation is obviously
useless, it was decided that a diagramatic presentation showing
the position of each garnet grain along with the concentration
of the element in ,question would be most lucid.
Figures 28'to 31 show the spatial distribution of Fe, Mg,
Mn, and Ca in the garnets of section 171, which is cut perpen-
dicular to the foliation. A standard error of 10 percent is
assumed for the analyses of all the grains and for all elements.
Thus, various symbols are.used to illustrate the concentration
value of an element rounded off to the nearest decimal place.
It is felt that this procedure is certainly a liberal estimate
of the concentration since only magnesium, with a coefficient
'5
of variation of 12.8 percent, 1 significantly higher than 10
percent.
Figures 32,33, 34 and 35 show the spatial distribution of
Fe, Mg, Mn, and Ca, respectively, in section 1711 cut parallel
to the foliation. The same method of data presentation is employ-
ed here.
As the diagrams of the sections indicate, the composition
of the garnets with respect to Fe, Mg, Mn, and Ca is quite
variable. Groups of garnets with the same concentration of a
particular element are quite small, indicating small volumes
of equilibration with respect to that element. These volumes,
on the average, measure only a few centimeters in their long-
est direction.
Looking at the figures illustrating the spatial distribu-
tion of various clement s in garnets of section 171, it may be
seen that the equilibration volumes are very small, usually
measuring only a few mm. across the foliation. However, they are
more extensive in the foliation direction. Section 1711 shows
more extensive domains of equilibration, and these are usually
elongated in the direction of lineation.
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The particular domains of equilibration will be discussed
further in a later section. Information gleaned from this aspect
of the study will be compared to grain size measurements, inter-
garnet distances and rock microstructure for possible correlations.
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9.6 An Investigation of Possible Zoning in the Garnets
A recent discussion of zoning in garnets by Hollister
(1966) points out the problems of equilibration studies if zon-
ing of one or more of the minerals present is observed. Hollister
finds that the compositional variations in zoned garnets follows
a Rayleigh fractionation model (Rayleigh, 1902) where only the
extreme outermost layer of the garnet is part of the reacting
chemical system at any stage of garnet growth. The garnets from
the Kwoiek area of British Columbia (Hollister, 1966) and those
described by Albee et al. (1966) from kyanite-zone schists from
central Vermont 'show a strong systematic variation of Mn decreas-
ing outwards from the center with contradistinct Fe and Mg
variation.
It is obvious that if the garnets of the present study
are zoned, most of the variation observed is probably due to
poor precision of the point of analysis on each garnet. Thus,
it was imperative that the garnets be inspected for compositional
zoning.
Compositional variations in the garnets of this study were
investigated on a Mark II Laser Microprobe at the Jarrell-
Ash Company in Waltham, Massachusetts. The Mark II is the new-
est model of the laser microprobe and features a non-tempera-
ture sensitive neodynium laser with controlled output energy
and a much improved optical system. Reproducibility of laser
energy output and, therfore, crater dimensions are greatly
improved over the model used throughout the rest of this study
(S. Targonski, personal communication, 1966). Operating para-
meters used in the zoning investigation are given in Table 19.
Four garnets were traversed at approximately 25 micron
intervals and intensity ratios obtained in the same manner
as discussed above. Twio of the garnets examined were from
sample 17 showing minor inclusions of sillimanite. One garnet
was from sample J2 where inclusions in the garnets are rare
and the last was from sample 8 and exhibited quartz inclusions
located in a clump in the center of the garnet.
TABLE 19. Operating
of Zoning
Source:
Spectrograph:
Electrodes:
Photographic
Plates:
Analytic gap:
Cross Excitation
voltage:
Wave length
region:
Plate develope-
ment:
Parameters used in the Investigation
in the Garnets.
Jarrell-Ash Co. Mark II Laser
Microprobe.
1 m. Czerny-Turner mounted spectro-
graph. Jarrell-Ash Co.
1/8th inch National Carbon Co.
AGKSP graphite rods, pointed
pencil sharp
Eastman Kodak Type 103-0.
2 mm. above the sample.
2000 volts.
2600 A - 4200 A
4 minutes at 20 C in Kodak D-19
developer.
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9.7 Results of Zoning Investigation
Figure 36A shows the Mn/Fe+Mg+Mn profile across a garnet
exposed on section 17 I which is cut perpendicular to the fol-
iation. The traverse is in the short axis direction of one
of the garnets which is elongated as described above. As is
evident from Figure 36A, no zoning with respect to manganese
is apparent within the limits of analytic error. Further,
there was no zoning of the garnet with respect to Fe and Mg.
A traverse across a garnet cut parallel to the foliation
(section 17 II) -showed no compositional zoning with respect to
Mn, Fe or Mg. The profile of the compositional ratio Mn/Fe+
Mg+Mn in this grain is shown in Figure 36B. The profile shows
a semblance of a oscillatory zoning with respect to Mn.
However, this variation is within the limits of analytic error
and a proposed zoning in this grain would be purely conjectural.
Figure 37A illustrates the Mn profile across a garnet
from section 42 II cut parallel to the foliation. No signifi-
cant inhomogeneity is noted. The traverse across this grain
found it homogeneous with respect to Fe and Mg as well.
The only zoning observed was along a traverse across a gar-
net from sample No. 8 (see Table 8, section I) which showed a
distinct rise in the ratio Mn/Fe+Mg+Mn from about 0.020 at the
edges to 0.070 near the center. The area in which the high Mn
values are located corresponds exactly with the clump of small
quartz inclusions. No inclusions were observed in the outer
regions of the grain where constant low atomic ratios for Mn
prevail.
Hollister, (1966) has mentioned the possibility of calcium
zoning within garnets. This possibility was investigated along
with Mn, Fe and Mg and no compositional zoning with respect to
Ca was observed. Figures 38A and 38B show Ca profiles across
sections 1711 and 171, respectively. All variations are with-
in the standard deviation of analysis.
Thus it is concluded that the compositional zoning of garnets
in these rocks is not prevalent and that the variations of garnet
compositions within a hand specimen are real. Other factors
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which lead to this same conclusion are:
1. No optical zoning was evident in any garnets examined.
2. During replicate analyses of the garnets in matrix, no
care was taken to "shoot" the same garnet in the same
place each time. This had no effect on the precision
of the determinations for the various elements within
a single grain.
3. If the garnets of specimen 17 I and 17 II had been
zoned, spatial equilibration domains as described
above would not have been observed as the determinat-
ions were not made on the edge of each grain, i.e.,
within the reacting thermodynamic system.
Zoning, or the lack of it, in minerals is a reflection of
the velocity of growth since zoning implies that the internal
equilibration of the mineral has not had time to take place.
Rast, (1965) suggests that the presence of inclusions in miner-
als of metamorphic rocks represents a higher velocity of growth,
and that this higher velocity of growth reflects the chemical
state of the immediate neighborhood of the point of mineral
nucleation. Sturt and Harris, (1961) cite an example of replace-
ment of amphibole by garnet where the quartz interstial to the
garnet remains unaffected. This may also be the case in many of
the elongated garnets of specimen 17 where local inclusions of
sillimanite continue uninterrupted through the garnet along the
foliation surface. Although zoning is not evident at present in
the garnets of this study, the unusual clumping of quartz inclu-
sions in the garnet from sample No. 8 coupled with the higher Mn
values of the garnet in the region of this clumping suggests
that the garnets of these gneisses did indeed grow quickly and
were at one time zoned, at least with respect to Mn. It is pro-
posed that the garnets have later equilibrated internally expell-
ing non-stoichometric included material and thus eliminated com-
positional zoning. (Yoder, 1952, and Buddington, 1965) have pro-
posed that the formation of garnet is dependent on a sufficient
reaction time for the minerals to nucleate and grow. Buddington
further suggests that temperatures above the equilibrium temper-
ature will be required to facilitate reaction. It is thus poss-
ible that zoned garnets have grown quickly under temperature
conditions higher than that needed for garnet production. A sub-
sequent rapid decline in temperature would leave garnets with
only their extreme edges in the reaction system. This is
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epossibly the case in the Kwoick area of British Columbia
Hollister, (1966) and the Lincoln Mountain Quadrangle, Vermont
occurence, Albee et al., (1966). However, if temperatures
leveled off for an extended period of time, or if there was a
later metamorphic event with temperatures near the almandine
stability region, redistribution of stoichometric and non-
stoichometric material within the garnet might take place as in
specimens 17 and 42 or in part as in specimen 8.
Since the Grenville is most likely an area of both regional
and deep seated contact metamorphism, Wynne-Edwards, (1959, 1962)
and polymetmorphism (Krogh 1964, 1966, Silver, 1966),the above
scheme for the formation of zoning and its later destruction is
entirely possible.
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9.8 Correlation of Results with Grain Sizes and Intergrain
Distances
In the last chapter, an attempt was made to uncover possible
correlations between the physical parameters measured. Using the
chemical data of this chapter the correlation matrix was expanded
to include all nine parameters which are:
A = Long axis length
B = Intermediate axis length
C = Short axis length
V Volume eIFe
Fe = rati6 FeM1g+vln
Mg = ratio Mg/Fe+Mg+Mn
Mn = ratio Mn/Fe+Mg+Mn
Ca = ratio Ca/Fe+Mg+Mn
N = distance to the nearest phase analog
The Fortran IV program described above (see Chapter 8.4) and
(Appendix 4) which determined the covariance and correlation of
above parameters also applied a step-wise regression analysis to
all parameters which possessed an F-ratio exceeding the critical
value for the population. The correlation matrix for the above
variables in the garnets of section 17 I, perpendicular to the
foliation, is given in Table 20. An analogous matrix for section
17 II, cut parallel to the foliation is given in Table 21.
' 3 Possible correlation between physical parameters
here
will not be discussed Aas it has already been covered in Chapter
8.4. Inspection of Tables 20 and 21 show very little correlation
of any of the chemical parameters among themselves and with the
physical variables. However, besides the obvious covariance of
Fe and Mg, there are possible correlations between the following:
A - Fe and Mg in 17 I
C - Fe in 17 II
Fe - Mn in 17 I and 17 II
Mg - Mn in 17 I
Ca - Fe, Mg, in 17 I -
Ca - Fe, Mg and Mn in 17 II
Ca - Distance to nearest garnet in 17 II
TABLE 20. Correlation Marix for the Measured Physical and Chemical Variables
for the Garnets of Section 171.
0.562
1.000
C
0.511
0.768
1.000
V
0.739
0.733
0.792
1.000
Fe
-0.149
0.082
o.o85
0.077
1.000
Mg
0.139
-0.074
-0.048
-0.046
-0.859
1.000
Mn
0.015
-0.018
0.064
0.020
-0.170
-0.189
1.000
Ca'
0.029
0.009
o.063
0.012
-0.232
0.254
0.000
1.000
Number of Variables
Number of Cases
N
0.165
0.208
0.220
0.180
0.050
-0.005
-0.005
0.018
1.000
* variable code given in text.
1.000
C
V
Fe
Mg
Mn
Ca
N
TABLE 21. Correlation Matrix for the Measured Physical and Chemical Variables
C
0.598
o.616
1.000
for the Garnets of Section 1711
V Fe Mg Mn
0.780 0.090 0.030 -0.0
0.789 0.105 0.022 -0.0
o.826 0.130 0.004 -0.0
1.000 0.092 0,005 -0.0
-o.423
1.000
1.000
Number of Variables
Number of Cases
9
195
* variable code given in the text.
1.000 0.924
1.o000
60
52
64
72
Ca.
0.005
-0.002
-0.040
-0.018
-0.168
0.416
0.195
1.000
-0.370
-0.058
1.000
N
-0.074
-0.066
-0.069
-0.042
-0.124
-0.042
0.065
-0.175
1.000
*
A
B
C
V
Fe
Mg
Mn
Ca
N
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These possibilities were further tested by the 0W >72 of
the step-wise regression analysis to the input data. From this
analysis, it was shown that there is a high negative correlation
of Fe and Mg values but this is expected since Fe and Mg are the
dominent bivalent elements in the garnets. If the Fe concentra-
tion of the garnet is assumed to be the independent variable
and the length of the long axis as the dependent variable, only
5% of the variance of the long axis length may be accounted for
by variance in the Fe content. This is probably not significant
but may possibly give support to the reasoning that garnets will
nucleate and grow faster in regions where the component materials
are more plentiful. The correlation of the length of the short
axis and the Fe content in section 17 II was found to be insig-
nificant. The correlation of the Ca content of garnet in section
17 I to the distance from the nearest neighbor may likewise be
eliminated. However, in section 17 II, taking the Ca content as
the dependent variable we nay account for 3% of its variance by
the distance to the nearest neighbor. The opposite assumption
of nearest neighbor distance as the dependent variable gives the
same answer. In each case, this 3% dependency is a significant
amount of the total accounted for.
The correlation between the contents of Ca and Mg in the
garnets of this rock are real. This same conclusion is applic-
able to the correlation of the Fe and Mn contents. The correla-
tion of the garnet Mg and Mn contents is real although only about
half as strong as the Fe-Mn covariance. There is no significant
correlation between Fe and Ca in the garnets of specimen 17
It may be concluded that the Fe and Mn contents are correlat-
able and that their concentrations are covariant in that either
Fe or Mn may be assumed the dependent variable with no change in
the correlation coefficient. The relationship of Mg and Mn in
these garnets is similar although only half as strong.
The Ca content of the garnets was found to be strongly de-
pendent on the Mg content. Seventeen per cent of the variation
of the Ca content of the garnets is due to variation of the Mg
contents of the same garnets. This is quite significant since
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only 25% of the Ca variance can be accounted for by the para-
meters measured in this study. Taking Mg as the dependent
variable and Ca as the independent, very little of the Mg.vari-
ance may be accounted for and this possibility was eliminated.
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9.9 Discussion
As noted above, the spatial degree of garnet equilibration
in sample 17 is quite limited. The domains of equilibration for
Fe and Mg are limited to less than 4 cm. in the longest direction.
The garnets of section 17 I, cut perpendicular to the plane of
foliation show a distinct structural control of the shape and
size of the equilibration domain. The areas over which garnets
are of the same composition are elongated in the plane of the
foliation to such an extent that in some cases chemical commun-
ication has been in effect over a distance of about 3 cm. along a
foliation surface, but garnets in the adjacent layer are of a
different composition with respect to Fe and Mg.
An examination of Figures 32 and 33 gives the spatial rela-
tions of Fe and Mg in the garnets of section 17 II, cut parallel
to the foliation. Here the domains of equilibration with respect
to Fe and Mg are more extensive although they are still elongated.
This elongation is in the direction of the lineation which is
defined by trains of sillimanite and garnet.
In summary, the domains of spatial equilibration of Fe and
Mg in garnets were found to be quite small,ranging from only a
few m.m. to a few centimeters. The shapes of these domains were
controlled by the rock structure, i.e., foliation and lineation,
and were more extensive along the foliation surfaces and linea-
tion traces than across them. Parallel to the foliation, chemical
communication of garnets with respect to Fe and Mg took place over
a maxium distance of 4 cm. in the lineation direction and 2 cm.
across it. Perpendicular to the foliation, chemical equilibrium
of garnets was limited to less than 1 cm. g
Chemical communication across foliation planes was limited to less
than a centimeter in most cases. The equilibration domains are
possibly roughly ellipsoidal in shape with an axial ratio of close-
to 4:2:1. It is also interesting to note that in section 17 II
spatial equilibration of Fe is more extensive than Mg. Iron shuws
less distinguisable domainsbut these are larger than the Mg
domains " . The Mg domains of equilibration
are much more regular in their orientation in the lineation
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direction. This is possibily a reflection of the relative
mobilities of Fe and Mg under metamorphic conditions. This re-
lationship is not so easily recognized in section 17 I.
The spatial equilibration of Ca in garnets in sample 17 was
found to be somewhat more extensive than that for Fe or Mg and
the domains of analogous Mn concentration are more irregular in
shape than their Fe and Mg counterparts. A distinct structural
control is still evident, but equilibration across structural
features is more extensive. For example, in section 17 I
(Figure 30) equilibration domains measuring up to 1.5 cm. across
the foliation can be distinguished. The elongation in the fol-
iation surface still persists, however. In section 17 II (Figure
34) cut parallel to the foliation, the domains of Mn equilibra-
tion in garnets are at least as extensive as those for Fe, but
they are less regular in their orientation according to the
lineation direction. The axial ratios of the domains of Mn equi-
libration, if they are assumed to be roughly ellipsoidal in shape,
are about 2:1:1.
The spatial degree of equilibration in the garnets of sample
17 with respect to their Ca content is shown in Figure 31 and 35.
In Figure 31, looking at the section perpendicular to the folia-
tion, equilibration domains controlled by structure and those
having no obvious structural control are both observed. The
structurally controlled domains, for the most part, occur at one
end of the section and it is proposed that variations in the whole
rock Ca content were more prevalent here. This would probably be
reflected in the mineral assemblage associated with each of these
garnet equilibration domains
Calcium equilibration in the garnets of section 17 II (Figure
35) is more extensive than Fe, Mg or Mn. The domains are usually
elongated and extend up to 5 cm. in their longest direction. Al-
though, in some areas of the section, elongation of the equilibra-
tion domain s in the lineation dirction, ther are also regions
of garnets having the same Ca content which are distinctly elongat-
ed almost perpendicular to the trace of the lineation and some
which show no preferred orientation.
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The spatial degree of chemical equilibration in the garnets
of specimen 17, as described above for Fe, Mg, Mn and Ca is in
good agreement with the results of other workers. Phinney,
(1959, 1963) found that the Fe,/1g ratios of the biotites picked
from thin sections showed significant change over a few milli-
meters. It is interesting to note, however, that biotites from
sections, which exhibited the same assemblage throughout and were
essentially mineralogically homogeneous, gave nearly identical
Fe/Aig ratios. Brownlow, (1961) describes a similar phenomenon
where the compositions of coexisting biotite-actinolite pairs
from a contact zone show significant differences within the dis-
tance of a few inches. Zen, (1961) has discussed the petrology
of pyrophyllite deposits in North Carolina. le finds that the
coexisting minerals are in equilibrium but only on a small scale
and within a particular assemblage which is controlled by the
relative concentrations of A120 , SiO 2 and H20.
Harker, (1939) describes metasediments in which bands of
different composition are preserved into high grades of metamor-
phism. The bands are only a few millimeters thick. Finally Albee
et al. (1965, 1966) have shown that although the schists of the
Mt. Grant area of Vermont have reached wide-spread equilibrium
with respect to the~0l/Ol6 ratio, the presence of different min-
eral assemblages in adjacent bands of the schist point out that
equilibration of cations has taken place only very locally.
The data of this study coupled with the examples above give
persuasive evidence to the concept of "local" equilibration,
Thompson (1959) or the analogous situation of "mosaic" equilibrium
discussed by Korzhinskii (1959). In each case, the rock system as
a whole may not be in equilibrium but in each of the small regions
thermodynamic equilibrium is attained if definite relationship
occur between all the parameters. In other words, the chemical
potential of an element must be equal in each phase of the assem-
blage, If the phase exhibits ideal or dilute solution with res-
pect to the element, the chemical potential is reflected in the
phase by its concentration of that element. The spatial extent of
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local equilibration of the assemblage is thus the volume over
which all minerals have equal chemical potentials for each com-
ponent element. The definition of the local extent of chemical
equilibrium for one of the phases of an assemblage thus defines
the maximum extent of the equilibration domain of the assemblage.
For example, the garnet bearing assemblages of specimen 17 are
as follows:
cordierite+garnetlbiotite
cordierite+garnet
garnet+biotite
If the spatial extent of local equilibration is defined for garnet,
then this places an upper limit on the volume of local equilibra-
tion with respect to a specific element in a particular assemblage.
In this case, the assemblage is possibly controlled by the whole
rock chemistry (Vlynne-Edwards and Hay, 1963).
It is germane to note that often the domains of equilibration
for the particular elements, as described earlier in this chapter,
do not coincide in shape or size thus causing the volumes in
which the garnets are of the same concentration for all elements
determined to be very small.
It may be concluded that, in agreement with Phinney (1963),
the author finds that the chemically analyzed minerals from a
normal hand specimen really represent the average compositions,
different parts of which are in equilibrium with different assem-
blages.
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10 CHEMICAL DETERMINATIONS IN BIOTITE AND GARNET
FROM A PYROXENE GRANULITE FACIES ROCK
10.1 Introduction
As discussed above, it was decided to examine the spatial
extent of chemical equilibration in a rock having a different
mineral assemblage and possibly a different grade of metamorphism.
The rock selected was a garnet-biotite-orthopyroxene gneiss,
sample No. 42, described in the last chapter.
Wynne-Edwards, (1959) and Wynne-Edwards and Hay, (1963) have
proposed that the assemblage which sample No. 42 represents be-
longs to the proxene granulite facies. However, there are some
differences from normal pyroxene granulites observed in these rocks:
(1) The quartz and feldspar have not taken on a platy aspect.
(2) Rutile is not seen although ilmenite, if present, is scarce
and the TiO2 content of the rock may be low. (3) The garnets are
lower in pyrope content than is expected in these assemblages
although it is higher on the average than the garnets studied
elsewhere in this work. No alumino-silicate was observed in any
of the garnet-hypersthene gneisses collected. In many respects the
rocks resemble charnockites (Subramanian, 1959).
No cordierite was observed in the garnet-orthopyroxene
gneisses. Therefore, the reaction for alumina deficient rocks,
6 K2 (FeMg)5 .5Al 3S5.5020(OH)4 + 39 SiO2  1 (Fe,Mg)2Al4Si5 01 8
Biotite Quartz Cordierite
+(Fe,Mg)3Al2sI3012 + 28(Fe,Mg) SiO + 12KAlSi0 8 + 12 H20 (3)
Garnet Orthopyroxene K-feldspar
given by deWaard (1965) is not applicable. A reaction of the type,
Biotite+Quartz E9 Pyralsite+K-feldspar+orthopyroxene+H20
be
seems toc j in operation here, the lack of cordierite being due
both to a alumina deficiency and to excess CaO (Wynne-Edwards and
Hay, 1963).
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The relationship of biotite and hypersthene in this rock
are unclear. From thin section analysis, no definite statement
can be made as to whether the biotite is retrograde or the hyper-
sthene prograde. The biotite occurs as small discrete grains
with only rare association with the orthopyroxene. In some cases,
however, textural relations indicate that hypersthene is replac-
ing garnet.
It is suggested that the assemblage observed in sample 42
is indicative of pyroxene granulite facies and represents at
least a higher temperature of metamorphism than sample 17 ex-
amined in the last chapter.
The examination of sample 42 will allow evaluation of the
volumes of chemical equilibration under a different set of
chemical, physical and mineralogical conditions. It might be ex-
pected that the volumes of chemical communication and thus, free
diffusion, would be more extensive at higher grades of metamor-
phism. If both the biotite and garnet are subjected to chemical
determinations, the distribution coefficients for various elements
may also be examined with respect to distance between specific
grains. In Chapter 9 the garnet grains were found to be of the
same composition only over a volume of about 3 X 2 X 1 cm. If
this is true for biotite, then the samples taken for equilibra-
tion studies as that of Section I of this work should be on the
order of 2 cm. on a side.
It may be found that the volume over which garnet and
biotite equilibrate at a higher temperature is larger due to in-
creased mobility of elements and a more prolonged period of
metamorphism. Foliation is not nearly so marked _in this rock
and a lineation was not observed. It is also possible that the
volume of chemical equilibration in rock such as this will be
more nearly spherical due to the lack of preferred diffusion
direction as proposed in the last chapter.
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10.2 Method of Separation and Analysis
Sample 42, described above, was trimmed with a diamond
saw on those faces exhibiting weathering. A section 1 cm. thick
was then cut parallel to the foliation. This section, from here
on referred to as section 42 II, was cut up into small cubes
measuring roughly 1 cm. on a side. For reference, each of these
cubes was lettered sequentically as A,B,C....Z,A',B',C'....Z',
etc.
Selected cubes of 42 II were then crushed to -20 + 100 mesh,
in a percussion mortar as described by Wager and Brown, (1960).
The biotite and garnet were next hand-picked under a binocular
microscope and placed in electrodes or stored in gelatine capules
until analysis.
Determinations for Fe, Mg, Mn and Ca were made on the garnets
separated in the above manner; Fe, Mg and Mn were determined in
biotite. All analysis were performed by emission spectrography
according to the parameters in Table 22.
The samples of biotite and garnet were placed in prearced
electrodes and arced neat as the anode. Standards were neat
samples of biotite and garnet, B12B, B21, B26 and G12B, G21 and
G26 respectively whose Fe, Mg, Mn and Ca values had been determin-
ed by atomic absorption spectrophotometry (see Table 8 and 9).
Relative line intensities of samples and standards for Fe,
Mg and Mn were recalculated to the ratios Fe/Fe+Mg+Mn, Mg/ e+Mg+Mn,
Mn/Fe+Mg+Mn. Working curves were made for the various elements
by plotting these intensity ratios against the corresponding
concentration ratios. The coefficient of variation of the method
is close to 12% for all the elements determined.
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TABLE 22. Excitation Parameters for the Spectrochemical
Determination of Fe, Mg, Mn and Ca in Garnet
and Biotite from Section 4211.
Spectrograph:
Excitation:
Electrodes:
Plates and
Development:
Plate calibration
and Photometry:
Analytic Lines:
3m. Littr6w-mounted quartz
prism (Adam Hilger.Qo., Ltd.
No. E-478); source focused
on masked collimator.
9 amp. anode for 40 sec.;
25 a1 ; 7mm. analytic gap.
Sample- National Carbon Co.
AGKSP Spec-pure graphite with
a cavity measuring 0.5 x 3.0
mm.
Counter- National Carbon Co.
L1138F Spec-pure carbon,
pointed.
Kodak Spectrum Analysis-1,
developed for 4.5 minutes
at 200 C in Kodak D-19
developer.
Calibration by the preliminary
curve method; photometry with
a Hilger non-recording micro-
photometer.
Fe2912.2A, Mg2779.8A,
Mn2794.8 , Ca3l58.9%
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10.3 Results of Determinations in Section 42 II
The results of determinations for Fe, Mg, Mn and Ca in the
garnets of section 42 II are shown in Table 23-as concentration
ratios.
Figure 40 and 40A shows the spatial distribution of Fe in
garnet and biotite. Figure 41 and 41A, 42 and 42A and 43 show
the spatial distributions of Mg in garnet and biotite, Mn in
garnet and biotite and Ca in garnet respectively. In all graphic
representations, the concentration ratios, although determined
to the second decimal place are rounded off to the nearest ±.05.
A semi-quantitative modal analysis of the section was made
while the garnet and biotite was being picked. The results of
this are shown in Figure 39. Figure 39 shows the relative
amounts of garnet from cube to cube while Figure 39A shows the
relative amounts of biotite. It should be noted that while
biotite is found throughout the section, there 15 no garnet in
the upper right hand corner
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10.4 Discussion
IRON
Examination of Figure 40 and 40A show the spatial distri-
bution of Fe in garnet and biotite of section 4211. The spatial
distribution of Fe in garnet seems to be more regular than in -
section 17 II which was also parallel to the foliation. The
greater part of the section shows garnets with Fe/Fe+Mg+Mn close
to 0.6. Comparison of this diagram to Figure 39 shows that the
cubes showing low Fe values are also those cubes which have very
little garnet and are on the border of the "no garnet" zone.
Both the modal and compositional differences are possibly due
to a decrease in the rock FeO /MgO ratio in the upper right hand
corner of the section.
The spatial distribution of Fe in biotite, shown in Figure
40A shows a uniform distribution of Fe values throughout this
section. The area in the section in which there is little or
no garnet exhibits biotite Fe values somewhat higher than in the
rest of the section. The absence of the iron-rich garnet phase
in this area is probably the cause of the increased Fe substitu-
tion in the biotite as hypersthene is ubiquitous in the section
and most likely acts as an Fe-Mg buffer in the system.
MAGNESIUM
The distributions of magnesium in garnet and biotite of
section 42 II is shown in Figure 41 and 41A. Many of the argu-
ments proposed while discussing the distribution of Fe also apply
here. Most of the garnets in the section have a Mg/Fe+Mg+Mn ratio
of 0.4. Those garnets from cubes bordering on or in the garnet
free area are higher in Mg, the ratio being 0.6 to 0.7.
The magnesium content of the biotite is quite uniform through-
out the section at a value of 0.6. Lower values are found in the
non-garnet-bearing area.
MANGANESE
rn
-The spatial distribution of the value Xj nin the section
4211 is quite uniform. Out of the 28 cubes in which manganese
was determined in the garnet, only 6 had garnets in which the
ratio Mn/Fe+Mg+Mn was outside of the range 0.03 to 0.04. These
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irregular values were scattered and no correlation between the
modal ratio garnet/biotite is apparent. The accuracy of these
irregular results might be questioned although there is no
reason to discard these values due to analytic reasons.
It is obvious from Figure 42 that the equilibration domain
with respect to Mn in garnet is much larger than those observed
in sample 17. It may be said that the garnets of this specimen,
No. 42 11, have close to the same Mn content throughout the
section and possibly beyond.
The spatial distribution of Mn/Fe+Mg+Mn in the biotite of
specimen 42 II is-less regular than distributions of Fe and Mg.
There seems to be an increase in the Mn content of the biotite
going from the lower left hand corner to the upper right hand
corner or towards the garnet deficient zone. This is not a re-
gular increase however, and may be due only to an increase in the
MnO content of the rock in this region and have nothing to do with
the modal concentrations of biotite and garnet. It is interesting
to note that the cube exhibiting garnet at the right hand side of
the slab has a high Mn content as does the biotite of the same
cube.
CALCIUM
The calcium content of the garnets in this section varies
from 0.02 to 0.06 as the ratio Ca/Fe+Mg+Mn+Ca. Quite definite
relationships to the zone of garnet dificiency and to the Ca
content of the garnet surrounding this zone may be seen. The
garnet closest to this zone has a very low Ca content ranging from
XGar= 0.02 down to undetectable Ca. The next zone outwards containsCa Ga
garnets in which X., groups around the value 0.04. Moving
farther outwards, i.e. to the lower left hand corner, the atomic
ratio for Ca drops again to 0.03. The relationship here is unclear
and the Ca contents of the gneiss and of the orthopyroxene would
have to be taken into consideration before a meaningful evalution
could be made. Wynne-Edwards and Hay point out that in the
biotite-cordierite-garnet gneisses discussed above, a low CaO
content prohibits the growth of garnet and biotite-cordierite
gneisses are formed. If the pyroxene-garnet gneiss under question
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here is a prograde product of a biotite-garnet cordierite gneiss,
it is possible that the hypersthene displaced cordierite and part
of the biotite as part of the ferromagnesian assemblage, and the
area now deficient in garnet was originally a biotite-cordierite
assemblage deficient in CaO.
In 5ummary, it may be said that for Fe, Mg and Mn in garnet,
the spatial degree of equilibration was measurably larger in this
pyroxene garnet gneiss. Variations within a hand specimen may
still be seen, however, and these variations are probably due to
variations in whole rock chemistry as reflected in the mineral-
ogical variations,. The spatial equilibration Ca in garnets was
found to be no more extensive than in the biotite-cordierite-
garnet assemblages. Again the calcium content of the garnet seems
to be related to their modal abundance which may in turn be de-
pendent on the CaO content of the rock.
The spatial degree of equilibration of Fe and Mg in biotite
is quite extensive extending outside the hand specimen-sized
sample used, (See Figure 40A and 41A), although the domain can-
not be much larger than hand specimen-size or it would be highly
unlikely to have selected a domain interface on a randomP basis.
There is fairly close relationship between the Fe and Mg contents
of the biotite and the modal ratio garnet/biotite; the biotite
in the area where no garnet occurs has a substantially higher
Fe/,g ratio. The Mn content of the biotite in the specimen is less
uniform and the spatial equilibration is not so extensive as it
is for Fe and Mg in this phase. There is a possible correlation
of the Mn content of the biotite and the modal variation of
arnet-/hic'otitP and therefore a possible control by the FeOAg
ratio.
The distribution coefficients KGar/Bio, KGar/Bio and KGar/BioFe M~g aDi
have been calculated for those garnet-biotite pairs determined for
these elements. These values are given in Table 23. Figure 44
shows the distribution coefficient K Gar/Bio for each cube in theFe
section 42 II where garnet and biotite were both measured. A
distinct elongated area within the section exhibits a distribution
coefficient KFGar/io 1.0 while the surrounding garnet-biotite
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pairs show K GarA o~2.0. The elongation of this zone of KGar/Bio
1.0 is reminiscei. of the structural control on the equilibration
domains exhibited in specimen 17 discussed earlier. However,
section 42 II was cut parallel to the foliation and no lineation
direction was apparent. There is no obvious macroscopic reason
for the elongation of the equilibration domain as shown in
Figure 44. The zone measures about 4 cm. across at its widest
point and has an apparent length of close to 8 cm. although it
probably extends past the edge of the section.
The spatial distribution of the distribution coefficient
KMGar/io is not, nearly so regular as that for Fe. Four distinct
groups of values for KGar/Bio appear, these being 0.4, 0.6, 0.7
and 1.1. These values are shown diagramatically in Figure 44A.
It should be noted be comparing Figure 39 to Figure 44 A that the
value KMgr/Bi 1.1 in all but one case is correspondent with a
low garnet/biotite ratio. The exception shows just the opposite
and is unexplained at present.
Areas over which the values KMGar/Bio are equal are much
smaller than the equivalent distribution for Fe. It is possible
that this irregularity is due to the dependence of the atomic
ratio Mg/Fe+Mg+Mn in garnet on whole rock chemistry, the composi-
tion of the coexisting hypersthene and its modal concentration in
the rock. It is germane to note here the variability of the ratio
Mg/Fe+Mg+Mn in garnet as opposed to the equivalent ratio in biotite
which is quite constant. Gar/3i0
The values of the distribution coefficient Kn may be
broken down into groups as follows:
Ga io 10 population =6
20 =6
30 =7
40 =1
100 =2
22
The spatial distribution of these values is shown in Figure 45.
It is obvious from this diagram that the value of K Gar/B'io isMn
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constant over very small intervals although the atomic ratio
Mn/Fe+Mg+Mn in garnets is nearly constant over sizable areas.
The variability must then lie in the Mn content of the biotite
which is somewhat more irregularly distributed.
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11 GENERAL SUMMARY AND CONCLUSIONS
This work has been a preliminary investigation into the
spatial degree of equilibration in high-grade metamorphic rocks.
There is obviously much more work to be done in this direction
both with lower grade rocks and higher grades and beyond the
point of anatexis.
The hypothesis that the domain of chemical equilibrium will
increase in size with increased grade of metamorphism seems to
hold true. Phinney (1959, 1963) found Fe/14g equilibration in
biotites from staurolite bearing schists on the order of only a
few m.m. Specimen'17 of this study showed equilibration of Fe
and Mg over distances of about 3 cm. in the longest direction. a
pyroxene granulite, Sample No. k2 II, showed equilibration, par-
allel to foliation, over areas of almost hand specimen dimensions.
The examination of equilibration domains in specimen 17
showed that the distinct structural control on their sizes and
shapes. It may be speculated that the domains of equilibration
with respect to a certain element are roughly ellipsiodal in shape
and possess an axial ratio, at least for Fe and Mg, of about
4:2:1. The longest axis is almost always parallel to the foliation
and lineation, the intermediate axis being parallel to the folia-
tion and perpendicular to the lineation. It is interesting to
note here that the axial ratio for the shape of the equilibrium
volumes is very often correspondent with the axial ratio of the
flattened, elongated garnets positioned on the foliation surfaces.
It is thus possible that the structural features largely control
the rate and extent of diffusion during metamorphism.
In _ light, the size of the volume of chemical equilibrium
with respect to a certain element is a direct measure of the
volume of free diffusivity and chemical communication. The small
volumes encountered in this study indicate that diffusion in
metamorphic rocks of high grade is very limited and the origin of
seemingly homogeneous granites without the intervention of a,
liquid'phase, as proposed by Perrin and Roubault, (1937, 1939),
Perrin, (1952) and Reynolds, (1946) is deemed virtually impossible.
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Further, the results given here add complications to the
sampling of metamorphic rocks for chemical analysis. An analysis,
if used to define the chemical system to which the rock belongs,
should be representative of the assemblage present in thermo-
dynamic equilibrium. The common practice of assuming a closed
system over the size of a hand specimen for rocks of medium grain
size (or a thousand grains) is not sufficient. The specimen
taken should, strictly speaking, be the size of one domain of
equilibration or better still a volume sufficiently large to in-
clude 1000 domains.
With respect 'to techniques for petrochemical analysis, the
laser microprobe has proved to be an exceeding valuable total.
Sample preparation is simple, time for replicate determinations
is short and the precision and accuracy certainly good enough for
most petrographic purposes.
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12 SUGGESTIONS FOR FURTHER RESEARCH
With respect to studies on the distribution of elements
between coexisting phases, preliminary work on the oxide minerals
from the rocks of this study (not reported here) are quite en-
couraging and this line of effort should certainly be followed.
Further, the compositions of the other ferro-magnesian silicates
of the assemblages noted above, i.e., cordierite and hypersthene
should be determined. The effects of the presence of these min-
erals is probably important on both the distribution of garnet
and biotite and their compositions. There has been very little
work published on the relationship of small scale differences
in rock composition and the modal abundance and composition of
assemblage minerals. This is possibly where equilibrium studies
of metamorphic rocks should start.
Certainly, the results obtained to date in the study of the
spatial extent of chemical equilibration of garnet and biotite are
encouraging. This work should be carried on with special regard
to rock and mineral fabric and the mineral assemblages in close
proximity to each grain measured. This would essentially involve
a separate modal analysis over each small increment of the rock
containing the mineral or minerals in question.
Investigations on the effect of zoning in metamorphic min-
erals with regard to the spatial degree of equilibrium should be
carried out. It should be possible to trace the growth history
of the equilibration domain by correlating zones of the same
composition.
The morphology of the flattened and elongated garnets should
be investigated by crystallogranhic techniques. If they are
pseudomorphous after biotite grains, it is possible that the
structural orientation will reflect this.
With regard to analytic techniques, the laser microprobe has
proved to be a valuable petrochemical instrument. Further explora-
tory work should certainly be carried out to evaluate other min-
eralogical applications of laser-excited spectrochemistry.
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APPENDIX I
Sample Locations and Descriptions *
NO. 1 is from a fresh roadcut 0.6 miles west of the Ganonoque
River on the road running north from the hamlet of Marble Rock.
The rock is a layered gneiss with well developed foliation. Quartz,
feldspar, biotite and pink garnet are the dominant minerals with
the garnet and biotite segregated in ajacent bands. No cordierite
is obvious in hand specimen. Under the microscope, both potash
feldspar and plagioclase are fresh with very little included
material. The garnets are rounded and mainly associated with potash
feldspar and cordierite. No retrogression of the garnet is noted
and local inclusions of quartz are sparse. Cordierite is present
only in association with garnet. Biotite occurring mainly as ragged
plates, is fresh with rare zircon inclusions.
NO. 2A is from the north end of the roadcut from which No. 1 was
taken and about 75 feet separate the two samples. The rock is a
well layered gneiss containing quartz, feldspar, garnet, biotite
and cordierite. In hand specimen, a distinct relationship between
garnet size and inter-garnet distance is evident. Groups of small
garnets are clustered while the larger garnets are more dispersed.
On microscopic examination, the plagioclase is observed to have
local sericitic and carbonate alteration. The garnets are large,
rounded and contain many inclusions of quartz and sillimanite.
However, some garnets are quite free of inclusions. The garnets
are mantled by quartz, potash feldspar and cordierite grains.
Biotite is scattered as small grains with some magnetite inclusions
NO. 3 is a spncimen from a large roadcut on the road to Howe
Island, west of Ganonoque, and 0.25 miles south of Route 2. The
rock is a medium-grained, well foliated, garnet-biotite gneiss with
abundant quartz and feldspar. Garnet grains are of similar size
and randomly scattered. The potash feldspar and plagioclase are
both fresh, with the potash feldspar showing a microcline twinning.
Myrmekitic intergrowth of plagioclase and quartz is abundant. The
garnets are rounded and locally contain inclusions of quartz and
sillimanite. Most garnets are mantled with cordierite. Biotite is
sparse and ragged but shows no sign of retrogression.
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NO. 8 is from a large roadcut on the Bedford Mills Road, 0.75
miles north of the hamlet of Perth Road. The sample is a coarse-
grained quartz-feldspar-garnet-biotite gneiss with well developed
foliation. Both the microcline and plagioclase are fresh with rare
alteration of the plagioclase to carbonate. Garnet occurs as small
rounded and elongated grains which are quite free of inclusions.
Garnet is associated with cordierite, magnetite and green spinel.
Biotite is ragged and possibly altered to chlorite locally but for
the most part fresh. The biotite contains inclusions of biotite
and zircon.
NO. 12 (samples 12A and 12B are from the same outcrop, about
10 feet apart) is from an outcrop in a field just north of West Bay,
Sand Lake in South Crosby Township. The rock is fresh, highly
foliated and very coarse grained. Major minerals include quartz,
feldspar, garnet and biotite. The potash feldspar shows no twinning
and plagioclase occurs both as discreet grains and as myrmekite.
Both feldsparg are unaltered. Garnet occurs both as rounded and
flattened grains, is unaltered and quite free of inclusions. Where
inclusions occur they are quartz, potash feldspar and biotite with
their long axes parallel to the foliation. The long axes of the
flattened garnet grains also parallel the foliation. The garnet is
mantled with highly -altered cordierite (pinite). Biotite occurs as
distinct grains, with no alteration and local zircon inclusions.
NO. 16 is a coarse grained foliated gneiss with quartz, biotite,
cordierite, feldspar and a great abundance of garnet. The sample
is from a large outcrop on the Brier Hill Road, 0.6 miles east of
the village of Morton. Garnet occurs mainly as grains elongated
in the foliation direction. Many incl usions of quartz andeq silli man-
ite are present in the garnet with their long axes following the
foliation direction. The garnet is surrounded by cordierite which
is almost completely altered to pinite. Potash feldspar, where
present, is associated with the garnet and cordierite. Biotite is
ragged but unaltered and contains local inclusions of magnetite and
zircon.
NO. 21 is from a large outcrop beside the road, 0.26 miles
north of Morton Creek, on the concession road from Morton to Elgin.
The outcrop shows a distinct banding and foliation although the
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hand specimen looks massive. Quartz, feldspar, biotite and garnet
are the dominant minerals. Both potash feldspars are present, and
the plagioclase is highly altered. Garnet occurs in rounded grains
of variable size. It is fresh with sparse inclusions of quartz and
sillimanite. Biotite is very fresh and contains rare inclusions of
magnetite and zircon.
NO. 25 is from an outcrop in a field 0.2 miles north of the
north-western end of Ganonoque Lake. The rock has a distinct layer-
ing and foliation, is medium grained and has quartz, feldspar, cor-
dierite and biotite as its dominant minerals. Both plagioclase and
potash feldspar are very fresh. The garnet is unaltered and contains
many needles of sillimanite. The garnets are almost all slightly
elongated in the direction of foliation and mantled by cordierite
which is only slightly altered. Sillimanite is very abundant.
Most of the garnet is located in the foliation planes where it
is associated with cordierite, quartz, sillimanite and potash-felds-
par but never biotite.
NO. 26 is from a very large outcrop in a wooded area about 0.25
miles north-east of Ganonoque Lake. The rock is a medium to coarse
grained, highly foliated gneiss with distinct feldspathic bands.
Quartz, potash feldspar, plagioclase and biotite are the dominant
phases. The garnet-occurs as small rounded grains which are free
of inclusions. The biotite is fresh and locally contains zircon
inclusions.
NO. 27 is a well foliated gneiss with abundant quartz plus
feldspar, biotite, garnet and cordierite. The sample is from a
large new roadcut at the southern end of Charleston Lake just north
of the village of Outlet. The feldspars are for the most part fresh
with local alteration of the plagioclase. Garnetsoccur. as very
large, very irregular grains in the planes of foliation. They
contain many large inclusions of quartz, potash feldspar, cordierite.
The garnet grains are mantled with unaltered cordierite. Biotite
occurs in large fresh grains with sparse inclusions of zircon
NO. 29 is from a large new roadcut at the southern end of
Charleston Lake, taken about 300 feet north of No. 27. The rock is
a medium grained quartz, feldspar, garnet, cordierite gneiss with
no obvious foliation. Microscopically, the potash feldspar and
plagioclase are quite fresh and very abundant. Biotite is unaltered
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and occurs in small distinct grains showing no preferred orienta-
tion. The garnet is almost completely free of inclusions and
occurs in very irregular grains associated with unaltered cordier-
ite, quartz and potash feldspar.
NO. 30 was taken from an outcrop beside the road between
Charleston Lake and Killenback Lake about 0.2 miles from Killenback
Lake. The rock is a well-foliated gneiss with quartz, feldspar and
biotite as major phases. Potash feldspar and garnet occur in minor
amounts. The garnet occurs in small rounded grains, is free of in-
clusions, and shows no regular mineralogical associations. Biotite
occurs in large fresh grains with rare zircon inclusions. Plagioclase
is very abundant, occuring both as distinct grains and as myrmekitic
intergrowths.
NO. 34 is from a roadcut just to the south of South Bay, Buck
Lake on the perth Road. It is a well foliated gneiss showing
quartz, potash feldspar, plagioclase, biotite and garnet as major
constituents. Microscopically, the garnet occurs both in round and
elongated forms. Where the garnet is rounded it is free of inclu-
sions and is associated with quartz, biotite and cordierite. Assoc-
iated minerals with the elongated garnets are cordierite, silliman-
ite and potash feldspar. Biotite is always removed. Alteration of
the minerals in this sample is almost non-existent.
NO. 35 taken from a roadcut about 200 feet north of that which
No. 34 was taken. The rock is massive coarse grained gneiss with
quartz, garnet, biotite and dominent feldspar. There is no obvious
foliation in hand specimen. Under the microscope, the abundant
potash feldspar shows microcline twinning and is unaltered. Plagio-
clase shows alteration to carbonate locally. Garnet occurs both as
small round grains and large elongated grains with no obvious
mineralogical associations with either morphology except that cor-
dierite, where present, is always associated with the garnet.
NO. 17 and NO. 42 are described in other sections of the.text.
(See Section II, Chapter "T and 10.)
* Modal Analyses given in Section I, Chapter 3.
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APPENDIX 2
Computer Program for Least Squares Analysis
These computations and the ones described below in Append-
ices, 3 and 4 were performed on an I.B.M. System/360, model 65 cormputer
at the M.I.T. Computation Center. Source decks were prepared on
an I.B.M. 029 key punch; data decks on both I.B.M. 029 and 026
key punches. Source decks were coded in Fortran IV G.
The purposes of the least squares program, from here on
referred to as LSQ was to read points (X,Y), produce a least squares
linear fit to the data points and compute unknown X' values from
known Y' values. 'The program also computes the standard deviation
of the calibration points around the least squares line and the
standard deviation and coefficient of variation of the X' values.
The mathematical operations used in these computations are from
Shaw and Bankier, (1954) and will not be described here.
Inputs
1. Number of standard points
2. X, Y values of standard points
3. Number of unknowns
4. Y' values of unknowns
Output
1. Y intercept of least squares line
2. Slope of least squares line
3. Standard deviation of standard points around the line
4. List of X' values for the unknowns, the standard devia-
tions of these X' values and the corresponding coefficients
of variation.
A print out of the complied program is shown as Figure A-1
References
Shaw, D. M. and Bankier, J. D. (1954): Statistical methods
applied to geochemistry, Geochim. et Cosmochirfm. Acta, 5, pp. 111-123
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//LSQ JOB. )M5807,5710,2,500,0*,'R.E. BRUNEAU',MSGLEVEL=1
//STEP1 EXEC FORCLG,PARM.C='EBCDIC'
//C.SYSIN DD *
C LEAST SQUARES CURVE FIT LSO 01
C LSQ 02
DIMENSION X)500*,Y)500*,YPRIME)50* LSQ 03
1 FORMAT )1X,13* LSO 04
2, FORMAT )2)lX,F1O.5** LSQ 05
.3 FORMAT )3)1XF10.5**
4 FORMAT )' SLOPE OF LEAST SQUARES LINE EQUALS..........',F10o.5,//*
5 FORMAT )' Y INTERCEPT OF LEAST SQUARES LINE EQUALS.........',Fl0.5LSQ 09
1,///* LSQ 10
6 FORMAT )' STANDARD DEVIATION OF POINTS AROUND LINE EQUALS...',F8.6LSQ 11
1,//* LSQ 12
7 FORMAT )',STANDARD DEVIATION OF Y PRIME EQUALS..............',F8.6LSQ 13
1,//* LSQ 14
8 FORMAT )' STANDARD DEVIATION OF Y EQUALS....................',F8.6LSQ 15
1,//* LSQ 16
9 FORMAT )' STANDARD DEVIATION OF X)O* EQUALS.................',F8.6LSQ 17
1'//* LSQ 1814 FORMAT )# X)0* EQUALS..e...................................,FlO.5LSQ 19
1t//* LSQ 2015 FORMAT )1Hl,' TRIAL NUMBER',3X,12,////* LSQ 21
10 FORMAT )' COEFFICIENT OF VARIATION EQUALS',3XF8.6,2X,' PERCENT'* LSQ 21A
17 FORMAT )1X,' SAMPLE =',1X.13,T20,' XO =',1X,F10.5,T40,' STANDARD D
1EVIATION =1,1XF10.6,l0X,' VARIATION =',3XF9.6,/*
18 FORMAT )1H1*
21 FORMAT )lX,' SAMPLE =',1X,13,5X,' NO DATA GIVENt,/*
L=1
READ )5,1* N LSQ 23
READ )5,2* ))X)I*,Y)I**,I=1,N* LSQ 24
SUMX=0.0 LSQ 28
SUMY=0.0 LSQ 29
DO 11 I=1,N LSQ 30
SUMX=SUMX.X)I* LSQ 3111 SUMY=SUMY.Y)I* LSQ 32
XBAR=SUMX/N LSQ 33
YBAR=SUMY/N LSQ 34
Al=0.O LSQ 35
A2=0.0 LSQ 36
A3=0.0 LSO 37
B1=0.0 LSQ 38B2=0.0 LSQ 39
DO 12 I=1,N LSQ 40
Al=A1.X)I**Y) 1* LSQ 41
A2=A2.X)I* LSO 42
A3=A3*Y)I* LSQ 43
Bl=BleX)I**X)I* LSQ 4412 B2=B2.Y)I**Y)I* LSQ 45
BE'TA=)Al-A2 A3/N- /)i1-A2*A2/N* LSQ 46
ALPHA=YBAR-BETA*XBAR LSQ 47
C=B2-A3*A3/N-BETA*BETA*)B1-A2*A2/N* LSQ 48512=C/)N-2* LSQ 49
IF )512.LT.0.* 512=-512 LSQ 49A
S1=SQRT)S12* LSQ 49B
WRITE )6,18*
WRITE 16,15* L LSQ 64
WRITE )6,4* BETA LSQ 65
WRITE )6,5* ALPHA LSO 66WRITE )6,6* 51 LSQ 68WRITE 16,18*
L=O
M=3
16 READ )5,3* )YPRIME)I*,I=1,9*
L=L.1
IF )YPRIME) 1*.Eo.o..AND.YPRIMAE)2*.EQ.o..AND.YPRIME)3*.EQO..**GO TO
1 20
IF )YPRIME)1*.EQ.0..AND.YPRIME)2*.EQ.O..OR.YPRIME)1*.EQ.0..AND.YPR
1ME)3*.EQ.oO.OR.YPRIME)2*.EQ.o..AND.YPRIME)3*.EQ.O.* M= *
IF )YPRIME)1*.EQ.0..AND.YPRIMf)2.NE.0..AND.YPRIME)3*.NEO..OR.YPR
1IME)2*.E~O.oAND.YPRIME)1*.NE.O..AND.YPRIME)3*.NE.O..OR.YPRIME)34.
2EQ.0..AND.YPRIME) 1*.NE.0..AND.YPRIME)2*.NE.o.* M=2
SUM=0.0
SUM2=0. 0
DO 13 I=1,M
SUM=SUM.YPRIME) I*
13 SUM2=SUM2.YPRIMF)I***2
D=SUM2-SUM*SUM/M
S22=D/)M-l*
IF )S22.LT.0.* S22=-522
S2=SQRT)S22*
SY2=)C.D*/)N.M-3*
IF )SY2.LT.O.* SY2=-SY2
SY=SORT)SY2*
SX2=)SY**2/BETA**2**)1/M.1/N.)SUM/M-YBAR***2/BETA**2*)B1-A2**2*/N*
IF )SX2.LT.0.* SX2=-SX2
SX=SQRT)SX2*
X0=)SUM/M-ALPHA*/BETA'
VAR=SX*100./XO
WRITE )6,17* LX0,SX,VAR
GO TO 16
20 WRITE )6,21* L
GO TO 16
END
/*
//G.SYSIN DD *
LSQ 63
LSQ 50
LSQ 51
LSQ 53
LSQ 55
LSO 56
LSQ 57
LSQ 58
LSQ 58A
LSQ 58B
LSQ 59
LSQ
LSQ
LSQ
LSQ
59A
59B
60
60A
LSQ 61
LSQ 62
LSQ 62A
LSQ 72
LSO 73
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APPENDIX 3
Computer Program for Analysis of Grain Size, Intergrain
Distance and Grain Distribution
The program designated as GRD was designed to compute the
distance between each grain whose coordinates have been measured
and every other phase analog in the sample. Using Function Min,
the program will find the distance to the nearest phase analog
only. The randomness of the distribution of a specific mineral
within a rock is computed if the following are known:
(a) distance to nearest neighbor for each grain
(b) tota'l number of grains
(c) volume of the sample
The program is also designed for computing the volumes of
each grain from its axial lengths and punches out on cards the
following data: length of measured axes and the volume of each
grain:
Inputs
1.
2.
3.
4.
Computatio
Reference number for each grain
3-dimensional coordinates of the center of each grain
Measured lengths of the axes of each grain
Total number of grains
n
Step 1: Distance from each grain to every other grain
measured is calcuted by
(X1-X2)2 + (y1+Y2)2 + (Zl-Z2)2
Step 2: The answers from Step 1 are stored in an array at
the end of calculations. The array is passed to
a subprogram, which returns for each grain the
distance to the nearest grain measured. This
distance is then placed in an array called M DIST.
Step 3: The array M DIST, along with the volume of the
sample and the total number of grains is subject to
an analysis of randomness of grain distribution as
given by Clark and Evans, (1954). The mathematics
involved here are given in Chapter 8, Part Two.
Step 4: Using the axial length, the volume of each grain is
computed by the formula
V = A B C
6
In this study, grains measured ranged in shape
from spherical to ellipsoidal so the above formula
is applicable. Other suitable equations for the
calculation of volumes may replace this one.
Output
1. From Step 2: The array called M DIST is listed.
The Format is:
Grain Numbers=... Nearest Distance=...
The nearest neighbor distance for all grains measured is
listed.
2. From Step 3: The following are printed:
(a) Grain density
(b) Sum of the nearest neighbor distances
(c) Arithnetical mean distance from grains to
their nearest neighbor
(d) Expected mean distance if the distribution
were random
(e) The ratio of actual mean distance to the
expected random mean distance
3. From Step 4: A listing of all the volumes calculated
is given as follows:
Grain Number A B C Volume
4. From Step 5: Punched cards giving for each grain:
A B C Volume
A print out of the program GRD is given as Figure A-2
References
Clark, P.J. and Evans, F.C., (1954): Distance to nearest
neighbor as a measure of spatial relationships in populations,
Ecology, 35, pp. 445-453.
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//GRAIN JOB )M5807,571U,4,500,500*,'R.E. BRUNEAU1,MSGLEVEL=1
//STEPl EXEC FORCLGPARM.C='EBCDIC'
//C.SYSIN DD *
C GRAIN SIZE/DISTRIBUTION GRAIN 01
C GRAIN 02
C GRAIN 03
DIMENSION X)500*,Y)500*,Z)500*,A)500*,B)500*,C)500*,DIST)500*, GRAIN 04
1MDIST)500*,V)500*,NUM)500*
REAL MDISTMAXMIN
1 FORMAT )13,F10.3*
2 -FORMAT )13,3F9.3,3F7.3*
3 FORMAT )' GRAIN NUMPER = ',13,T25,' NEAREST DISTANCE = F7.3,//*
4 FORMAT )6XI3,T20,F9.3* GRAIN 10
5 FORMAT )IHl,' GRAIN DENSITY1,5XFq.5,//* GPAIN 11
6 FORMAT )' SUM OF NEAREST NEIGHOOR DISTANCESI,5XF9.3,//* GRAIN 12
7 FORMAT )' MEAN DISTANCE 10 NEARtSi NLIGM-FOR',5XF6.3,//* GRAIN 13
8 FORMAT )' RANDOM UISTRIbUTION MtAN DISTANCLI,5XF6.3,//* GRAIN 14
9 FORMAT L' 0EGRLE OF DEPARIU-, FROM RANDOu NEAN uL.1ANCE'95XF5.3* GRAIN 15
10' FORMAT )lH1,' GRAIN NUMcER',Ti1,' A AXIS',T30,S b AXIS',I45,' C AXGRAIN 16
1IS1',T60,' VOLUMF',////* GRAIN 17
11 FORMAT )1XT5,I3,T15,F7.3,T30,F7.3,145)F7.3,9T60,Fi 1.5* GRAIN 18
12 FORMAT )1XF6.3* GRAIN 19
13 FORMAT )1X,3F7.3,Fil.5* GRAIN 20
READ )5,1* NVOL GRAIN 21
READ )5,2* ))NUM)I*,X) J*,Y)I*,Z)I*,A)l*,8)I*,C)I**,I=1,N* *
DO 15 J=1,N GRAIN 23
DO 14 I=1,N GRAIN 25
IF )I.EO.J* GO TO 16 GRAIN 26
DIST)I*=SORT))X)J*-X1I****2.)Y)J*-Y)I****2.)Z)J*-Z)I****2* 
* GRAIN 27
14 CONTINUE GRAIN 29
MDIST)J*=MIN)NDIST*
15 CONTINUE GRAIN 31
GO TO 17 GRAIN 32
16 DIST)I*=10000. GRAIN 33
GO TO 14 GRAIN 34
17 CONTINUE
WRITE )6,3* ))NUM)I*,MDIST)I**,I=1,N*
RHO=N/VOL GRAIN 36
SIGMAR=0.0 GRAIN 37
DO 18 1=1,N GKAIN 38
18 SIGMAR=SIGMAR.MDIST)I* GRAIN 39
ACDIST=SIGMAR/N GRAIN 40
EXDIST=1./)2.*SQRT)RHO** GRAIN 4'1
DEPART=ACDIST/EXDIST GRAIN 42
WRITE 16,5* RHO GRAIN 43
WRITE )6,6* SIGMAR GRAIN 44
WRITE )6,7* ACDIST GRAIN 45
WRITE )6,8* EXDIST GRAIN 46
WRITE 16,9* DEPART GRAIN 47
DO 19 I=1,N GRAIN 49
19 V)I*=4.18877*A)I**B)I**C)I*/8.
WRITE 17,13* ))A)1*,B)I*,C)I*,V)I**,I=1,N* GRAIN 52
WRITE 16,10* GRAIN 53
WRITE )6,11* ))NUM)I*,A)I*,B)I*,C) I*,V)I**,I=1,N*
END GRAIN 55
REAL FUNCTION MIN)NX*
DI~MENSION X)250*
MIN=X)1*
DO 1 I=1,N
IF )X)I*.LT.MIN* MIN=X)I*
I CONTINUE
RETURN
END
REAL FUNCTION MAX)NX*
DIMENSION X)250*
MAX=X)1*
DO 1 I=1,N
IF )X)I*.GT.MAX* MAX=X)I*
1 CONTINUE
RETURN
END
/*
//G.SYSIN DD *
169
APPENDIX IV
Computer Program for Correlation and Regression Analysis
This program computes a sequence of multiple linear
regression equations in a 5tepwise manner. The variable added
at each step is the one which makes the greatest reduction
in the error of the sum of squares. Besides performing
the regression analysis, the program also has optional
output which includes:
1. Means and standard deviation
2. Covarience matrix
3. Correlation matrix
Figure A-3 shows the printout of the program
compiled for IBIM1/360.
The program is discussed in detail in the reference
given and no more will be said here.
Reference
Biomedical Computer Programs, Health Science Computing
Facility, Dept. of Preventative Medicine and Public
Health, School of Medicine, University of California,
Los Angeles
FOKTRAN V G LEV[L 0,~ M00 MAIN DATE =67216 7/10/30 PAGE 0001_
£;3DO 2 R MAIN PROfRAM STEPWISE REGRESSION JUNE 29 1964 0030
C 0040
C PRIdLEM CARL FURMAf (NAMELIST NAME = PROBLM)
C
C NA4E
C CuOE ALPHANUMERIC PRUBLEA NAME
C N NUMBER OF CASES
C NOV NUM3ER OF ORIGINAL VAIAOLES
C NAIT ALTEkNATE INPUT TAPE NUMBER
- C PVAP .TRJE. IF INPUT VARIABLES ARE TO 3E PRINTED
C SUAM .TUL. IF ST.DEV. AND MEANS TO RE PRINTED
C LOVP .TRUE. IF COVAR IANCE MAI RIX To BE PRINTED
C CORP .TRUE. IF CORRELATIJN MIATPIX TO BE PRINTED
- . C ZERNI .IRUE. IF LERu REGRcSSIUN INTERCEPT DESIRED-
C FAT: (40) FOMAT TO READ VARIABLE5 BY
C ALECL(100) LABELS FUR VARIABLES (UP TO 8 LETTERS)
'C
C SUd-PROBLEM CARD FORMAT (NAMEL IST NAME = SUBPRO)
C NAME
C
C - LKUP DLPHNUENT VARIABLE NiJMER
1 MAXSTP MAXIMUM NUMBER OF STEPS
C F IN F FOR INCLUSION
C F JUT F FOR DELETION
~C- TO L TULLRANCE
C NVIP NUMBER oF VARIABES TO BE PLOTTED
~ C IVPT( 100) INDECES OP VARIABLES~ TJ BE-PLOTTED.
C C( 100) CUNIKUL DELETE PARAME TERS
C t<Ls0 .TRUE. IF RESIDUALS ARE TO'BE'~PRINTED
C SUMTA3 .TRUE. IF SUMMARY TABLE OFSIRED
- ---- - - ~---0360
0001 COMM0N/PAkA/ N,OFIP,XN,LKL,TOL,FINC,FUUT,KDEP,NVIP,RMAX,RMIN
000 2 CdMmN/PARA/ ALPHAIEROI,MAXSTP,ITP1,ITP2,NMAX-,SUMTAB3
0003 LOuICAL IERuI,SIJMTAi
~- C 04OO0-
0004 COMMON AL3LL(100), ANAME(100),BNAME(100)
KF AL*8 ALbFL,ANAME,ENAME
0000 CU MMON A(100,100), XMcAN(100), STDEV(100), IVPT(100)
0007- cu1MIN P(100), C(100), X(100), XMAX(100)~~~.~.~ -~~
0008 CUMMUN XMIN(100), 1Q(50,50), KP(50,50), COL(11), PINT11) 0440
0009 - INT(I1), RES(500) 50450
C 0460
0010--_ REAL*8 CODE/ '/ ~--
0011 LOGICAL PVAR/.TRUE./,SDAM/.TRUE./,COVP/.TRJE./,CORP/.TRUE./
0012_ - LOGICAL RESID/.TRUE./, LSTC:D ~ ~- ~
00i3 INTEGER FMTR(40)
0
kA WUE~T,~ ~~~~~ MAT-~ DATE- 67216~ 7/10/30- PAGE 0002
05 90
0014 4J.ERtJI = FALSE.
001.> SIJMTAB = .TRUE.
0016 ITPI = 7
3017 ITP2 = 8
00183 NAIT = 5
~~00 17 ~~~NMAX~=1 0 ---
0020 IPOIM= NMAX
C SETUP 01 SK
C
0021 DtFINE FlE 7(6,200,U,IRR1)
0 ~ EFTNE FTLE 8(400,100,UIRP2)
0023 LALL WRT IMC( .FALSE., .TRUE., .FALSE.,. FALSE., 'RUNTM ',TIME)
~ C0640
C QREAD PRUoLEM CARD 0650
C- 0660
0024 20 CALL WKTIME .FALSE.,.FALSE.,.TRUE.,.TRUE.,'RUNTM ',TIME)
0S NAMELIST ' /PRO)LM/ -CODE,N,NOV,NAIT, PV AR,SDAM,COVP ~ --- -
1 CORP,ZE0I ,FMTR,ALBEL
02 READ (5 ,PROBLM,E-ND=400)
C 0700
C CHECK PRU13LEM CARD FOR VALID PARAMETERS ~ ~-0710
C 0720
0028 W'<ITE (6,2090)
00 2090~Fk - 'AT(r 1' -) - -- - ----- ---- - - - - ~- ----- -
0030 CALL WRTIME(.FALSE.,.FALSr.,.FALSE.,.TRUE.,DUM,OUM)
0031 WRITE (6,3000)C0DEN,IP
0032 3000 FdRMAT' AIMDO2R - STEPWTSE REGRESSION - VERSION OF FEBRUARY, 1967
I'/2X40fl1EALTH SCIENCES COMPUTING FACiLITY, UCLA//2X2HPROBLEM -CODE 0760
21!XA8/X15HNUMt3FK OF CASES16XI4/' TOTAL NUMBER OF VARIABLES'8XI2)
00 33 IF (IP.LT.2.R.IP.GT.NMlAX) GD TO 430 - -
C
0034 ~ CALL WPT IqE (.FALSE., .TRUE.-. FALSE.,. FALSE.' GET VAR , TIMFIlY - - -
0035 IF (PVAr<) WRITE (6,3010) (ALEL(I) ,1=1,IP)
O36- 30T0 FORA14T(f0 INPUT VARIABLES'/2'CASE'4X1A12/r10TIoAT2 - -
C 1240
--- CINITIALIZE ACCUMULATORS AND MATRIX-A ----- 1250
C 1260
037 XN=N -- ~-1270 -
0036 DO 90 I=1,IP 1280
00-39 ~ XMEANJ II =0.0 ~ ~ 90
0040 00 90 J=1,IP 1300
0041 ~ 90 A ( r,-J) =0.0 ~~-~-~- - ~- ~~- --------- -- ~~~--1310--
C 1320
-~ - C READ THE INPUT MATRTX X ONE ROW ATA TIME AND CONSTRUCT 1330
C 1340
FORTRAN IV G LEVEL 0, MOn Q MA I DATE 67?16-
-67j42- f HNU()I1 T-P -21)
0043 XK = 0.
0044 XM = XN
0045 IF ( .,uT.LERUI) xM = XM - 1.
0u46 rIMEA = 0.
0047 TIMEo = 0.
04 - 00~170 K1 N
0049 NINCS=K
0050 CALL WTINiF(.TR UL.,.TRUE.,.FALS., FALSE.,DUM,TIMEA)
0051 REA) (NAIT,FMTR,LND=y00) (X(L),L=1,N)V)
0052 I& (PVAR) aRITt: (6,3020) K,(x(iL),L=1,IP)
-0053'3 3020 H)RAT( 1XI5,0lCU12.5/(x10Gl12.5))
054 CALL WRTIME( .TkUE.,.FALSE.,.FALSE.,.FALSE.,0UM,TIMEA)
C
0055 ~ ' -Ir (.N(JT.LERUJI) GO TO 110
0057
0057
-00590060
0061
00b2
0J63
0064
0065
0066
0067
0068
0069-
00/0
0071~
0072
17/10/30 -
C ZFRO INTECEPT
-C
D! 1CO I=1,IP
X.ltAN(I)=XME AN(I)+X(I3
Do 100 J=I,IP
100 A(IJ)=AtI,J)+X(I)*X(J)
GI) Tu 140
C
C NU hkRo INTER(EPT - --
C
1lU XK = XK + 1.
1) 120 1=1, I P'
12C X4E AN( I) =XMeANf(I )+Xt I)
IF (.E.1) GO TO 140
00 130~1=1 ,P 
00 130 J=I,IP
130 A(I,J)=A(I,J)+(X(I)*(XK*X(J -XMiANJ)) +
1 XMCAN( I)*( (x'EAN(J)/K)-X(J) )/(XK-1.0)
L wRITE THE X MATRIX ON UNIT ITP2
C ~
140 CONT INUE
CALL 4tTIME( .T RJ. ,.TRJt., .FALSE., .FALSE.,0UMTIME ~~
~ i W I TL ( ITP2' K) ( X( ),I=1,IP)
FINJ (IrD2'K41)
CALL 4*rxiL(.TRUE.,.FALSE.,.FALSE.,.FALSE.,DUM,TIMEB)
PAGE 0003
1360
1370
1380
1400
1410
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580 -
1590
1600
1610
1620
1630
1650
1720 ~~ -
C END ijF DATA ACQUISIT ION LOOP 1730
- c ~1740
0073 170 LUNT INUE 1750
C 1800
C KEPLACh XMEAN WITH MEAN VECTOR, A WITH COVARIANCE MATRIX,AND 1810
1TW ~I3 00~Y~~~ M AIN DATE =~ 67216 17/10/30 PAGE 0004
C CUM182E0TANLYADVIATIONS
C 1830
0074 oU 180 I=1,IP 1840
0075 XMLAN(I)=XMEAN(I)/XN 1850
0u7 DO 180 J=I,IP 1860
0077 A(IJ)=A( I,J)/XM 1870
0 0T ~~ A( J, I)~ = A (Ifj) 1880
0079 Do19 0 148 =,I ) 1P90
0080- 190 STDEW-V( I) =SORT( At I, I))Y10
C WRITE OJT NEANS AND STANDARD DEVIATIONS IF REQUESTED \1 1920
C 1930
0331 - IF (.NOT.SDAM) GO TO 200 1940
0062 Wd4lTE (,3050) 1950
0083 3050 FORMAT(///// 4X,8HVARIABLE,8X,4HMEAN,7X,18HSTAN0ARD DEVIATION) 1960
00d4 JKITE (6,3060) ( ALtEL(I),I,XAEAN(I),STDEV(I),1=1,IP) 1970
-0085 3060 FOjRMAT(3X,A6,I3,24,G14.6,4X,Gi4 .6) 1980
00dt CALL WRTIME(.FALSE.,.FALSF.,.r UE.,.TRUE.,'GET VAR ',TIME1)
0087- CALL WRTIML(.FALSE.,.FALSE.,.TRUE.,.TRUE.,'WRITE A ',TIMEA)
C086 CALL WtRTIME(.FALSE.,.FALSE.,.TRUE.,.TRUE..'WRITE B ',TIMER)C 1990
C PkINT L JVARIANCE MATRkIX IF RCQUESTED 2000
C -, 2010
0089 200 IF (.Nur.CoVP) 3 TU 210 2020
~ 009 - -~WRrTE ('6,3070) 
- -
0091 3070 FJi<MArCit1 CUVARIANGF MATRIX) 2040
~0092------- CALL WRTIME(.FALSE.,.FALSE.,.FALSE.,.TRUE.~,DUM,DUM)~-
0093 CALL AUJT (6,1,A,'A ','(1X10G13.)',[P,IPDIM,IP,PD'IM,l,0) 2050
C 2020
C CUi4V-R I A Tu CORRL-LATIUN MATRIX 2070
. c.-- - -- - I - - -....- - ----... --- 2080 --
JO094 210 L] 22) I=1,IP 2090
--- D -DO 720 J=1,IP...........- 
- 2100---- -- -- -o -
C 0 1 6 A( I, 3= AC I,J)/( SIDEV I) *STDEV(J) 1 2110
~D97220'A(J,H=AtI,Jl.............- 
.-. 2120
C 2130
_________ 'PlRINlT C,]RRCLAT[J)NF 
----------
tTE~ ~1
C 2150
009F~-. -- IF -(.NUT CORP)'GCC TO 230-26
C099 wRITE (t,3081) 2170
010 ~ 3 OR 0 FOMAT( 2 OHI CORREL ATITUN -MATRIXY-------- 
-- 2180
0101 CALL WRIMH(.FAL~t.,.FALSE.,.FALS..,.TRUE.,DUM,DUM)
-I102lr CA LL- MOGJT (6 ,1, A, 1A - 19 7f IX10C13. 5)1 ,P IPDTMg-IP,1I PDtt114 ---- z9---
313.230 I F I . Z ER "I ) ANJ XN-1 I? 200
2210
C 2220
CREAD SUBPRrE3LEM CARD AND 0 P ON RSL 
-.- --- ~-~----~-23 
.-
C 2240
1950
1960!
1970 .
FORTRAN IVG LEVEL
0104
0105
0106 235
0107
C
019 
0110 ''
0111
0 112
0113 240
C
C
C
0, M 0 AIN
LSTCPL) = .FALSE.
M = 0
M = M+1
IF (i .GT. NOV) GO TO 20
kESTOC~THE 'CORRkELATION~4ATRIX 
0f 249 1= 1, I P
A I ,I) =1.0
C I) =0.0
K; I + I
DO 240 J=.K,TP
At I ,J)=At J, )
READ SUB PRObLEM CARD
)ATE =67216 17/10/30
-0 1_
-0115
0115
011?
0119
~. 0140 ~
0121
~012~2
0123
0 124
0125
012u
0127.
0128
C SEI VALUES FOR SUB PROBLEM
C
MA XSIP=6
FINC=.5
FUUT=. 3
T L =0. 
~
NV I P =0
SJMTA=. rRUE .
RES10=.FALSE.
LS TCRf=. AL S b.
C 2400
C INSEKT DEFA.~ VALUES 2410 -
C - 2420
IF (F INC.L'L.0.) FINC = 0.01 2430'
IF ( FuUT.LE. 0 .) FOUT = 0.005 2440
IF (TUL .LF.O.) TOL .= 0.001 2450
IF (MAXS1P.Lt.0) MAXSTP IP+IP 2460
- -C- 2470
C WRITE THE CONTROL PARAMETERS 2480
C 2490
ARITE (6,2090)
CALL WRTIOE(.FALSE.,.FALSE.,.FALSE.,.TRUE.0UM,0t-U--~
0129 WRI TE (6,3090)MA,KDEP,MAXSIP,FINC,FOIJT,TOL 2500
0130 3090 FJr<tAT( 3 12HSU-PR3LM5/3X,18HDEPENDENT~VAIABLE,IlKIT2f3X -
123HIFAKIMUM NUMBLER (IF STEPS,6X,12/3x,2lHF-LEVEL FOR TNCLUSION,4X, 2520
2F8.6/3X,20HF-LEVEL FOR 0E-LFTIIO,5x,Fd.6/3X,15HTOLERANCE LEVEL,10X, 2530---~
3F6. 6) 2540
0131 CALL WkTIME (.FALSE.,.TRUE.,.FALSE.,.FALSE.,'REGRES ~ ',TIME2)
C 2550
PAGE 0005
2250
2270
2280
7290
2300
2310
2320
2330
2340
2350
2360
2370
FORTRANIV G LEVEL 0, 1 ~ 0~~~ ~ ~AIN ' DATE 67216 1T/10/30 PAGE 0006
C SET THE CUNTRUL UtL TE PARAETTLR. 257
C C = 1. DtPE'N LNT OR DELETt 2570
C C = 2. FRLE 2580
C, C =. LuW-LEVEL FUPCED VARIABLE 2590
C .. 2600
C, C = 5. HIGH-LEVEL FuRCED VARIABLE. 2610
2620
0132 DU 2C0 1,IP 2690
0133 - 260 IF (C(I).LE. .) C(I) = 2.0 2700
013,+ C(KDL')=1.0 2710
C 2720
C PRFURlI THE 'REGRESSIuN 2730
C 2740
0135 FIN) (ITP1'l)
S013b CALL CGRES 2750
C
~ 0137 CALL wRTIME.FALSE.,.FALSE.,.TRUE.,.FALSE.,REGRES ITIME2)
C 2760
C TERMI'TE THIS sUBPROBLEM -2770
C 2780
0138 iF (.NOT.SUMTAl) GO TO 290 2830
C - 2840
C RITE SUMMARY TABLE IF PRESENT. 2850
__ 
- 2860
0140 IF (LKL.GT.0) GO TO 270 2870
~ - 141 WRI'TE (0,3120) 2880
01-+2 3120 FUOMAT ( ////490SUMMARY TAhLE UMI TTE D UE TO LACK OF INFORMATION ) 2890
0 1.43 GO To 290 2900
C 2910
0)4,'- -270 W TE~ (6, 2090)
0145 CALL WRTIM,4E( .FALSE.,.TRUE.,.FALSF.,.TRUE.,'SUMTAB ',TIME3)
0 .46 WRITE (6,3130)
0:.47 3130 FURMAT(' SUMMARY TABLE' //
~ -l-- -- - 5 x' STE>P16X'VARIABLE'16X'MULTI PLE '16X'INCREASE'11X'F VALUE TO' ~
2 5X'NM3EK UF IN)LPENDLNT' / 4X'NUMER'X'ENTFRED'6X'RFMOVED'
3 9'k'lUX'XSo'13X'IN RSQ'10X' ENTER OR REAOVE ~~
4 4X'VARIASLES INCLUDD' I/)
0148 R1 S) = U.0
~~ 014~9- D- 2 80 ~ I = 1 , L KL ~~2980
0t50 REO) (ITP'II) LMNKAYFLAG,XM1ULTRFKAY,NVI
SOT R5) ) XMULTR*XOULTR_
0152 KSul = KSJ-RISQ
~53------ R1 = ~RSQ
0154 IF (FLA.GT.O.) 3030
------ _ 1 R ITE -6,3140) LN7N,ALBECXKAY) ,KAY,XMULTR,RSQ,RSQIFKAY,~NVI~~-~~~~3040 ~ ~--------
U t55 3140 FRMAT (6XI2, 7XA83,1XI3,14XF9.4,F13.4,bXF11.4,4XGl3.6,18XI3)
FURIRAN IV ( LEVEL 0, MUD 0 MAIN DATE =67216 17/10/30 PAGE 0007
IF (FLAG.LT.0.) 3060
1 ORITE (6,3150)LMN,ALtEL(KAY),KAY,XMtJLTR,RSQ,RSQIFKAY, NVI 3070
O57 3150 FURMAT (6xI2, 20AA8, 1X13,F9.4,F13.4, 6XF 1.4,4XG13.6, 18X13)
0158 280 CUNT INUE 3090
C
0159 FIND (ITP2'1)
0>O CALL oRrIME(.FALSE...FALSE.,.TRUC.,.TRUE.,'SUMTAB TIME3)
C 3110
C PRINT ANu/04 PLUT THE RESIuUALS IF REQUESTED 3120
3130
0161 490 IF (NVIP.GT.0) GO T1 300 3140
0162 ' IF (RES10) Gu To 32C 3150
U63 GU TO 390 3160
C 3220
C CHECK LEGALITIES 3230
C 3240
0164 300 IF (NVIP.GT.IP) GO TU 470 3250
Ol__0 t) 5 ut 31C K=1,NVIo 3260
0 16 IF ( IVPT(K)vT. T.IP) GO TO 490
L167 310 CjNT I-JU
OLeh '320 DU 330 J=1,NVIP 3280
0169 XM IN (J ==+99999,.9 3290
U0170J 330 XMAX(J)-999999.9 .-- 3300
0171 RIN=-+'y)9999.9 3310
_0 1 7'2 k MA X - 99') 99 9 -32
017j CALL WRTIME( .F'LSE., Tt'WE. F1ALSL-., FALSE.,9 RESID_ 'T IME 4)
C - 3330 -
C COMPOTE RESIDIUALS - - 3340
3350
0174 D 5 80 I1 9  1 N 3390
31400
C R AO THE . AW DATA FROM UNIT 11 IP2_ 40
0175 k.-C- EAD I ITP2 I) (X(J),J I, Ip) - - - - - -. 50
C LOMPUTE THEL RLSIOUALS------------- 3520.
C3230
L 1 7o S.l1 0 3540
0178 DO 36') J=1,IP 3560
0C17() -. IF (C(J).GT.O) GO TO 360 - --- 3570
u180 NtV I NVI* + 1 3580
0182 360 CNJ)9I9NUE 3600
0183 ( 370 L=1,NVIP 3620
0174 DI VPT(L1 . 3 30
0185 XIN ( TAMINI (XM(JLX(MM) 3640
'AN~W tL ~EVE(L. MO,'OO 0~ ~ ~ MAIN
01086 3 A tr X -x(L~) 'AMA XI( XMAX(L),~x(MM))
0187 RES(I =X(KuEP)-ALPHA-SUti
0186 kRM IN = A'iI N I(R M IN ,RES (I ) )
0189 RMAX = A4AxI(RMAX,RES(I))
0190 380 CONT INJE
C
0 11 IF (.aLJT.RES ID) GO TO 390
C
C PkINT THE RESIDUALS
C
0192~
U193
0194
0195
016 
0197
WR!TE (6,3160)
3160 FURMAT(' I LIST OF RESIOUALS' //
1 4,(4('CASE' 3X' RESIOUAL' 1X) ,'CASE'3X'RESIDUAL' Y
N$ = (1 4)/5
00 385 1 =1,45
385 WRITE (6,3170) (J,PES(J),J=1.N,N5)
3170 Fj kAT ( 1 5( 1x16, IXG15.6,2X)
C
C PLOT THE REi[0UALS
C
390 IF (NVIP.GT.0) CALL PLTRES
CALL WdTI I (.FALSE., .FALSL. ,.TRUt.,.TRUE.,'RESID
C
U200
~0O'1
0202'
0203
0204'
0212
026 
07 '
020 d
0O209
0210
0212
-. 0213 -
0214
0215
02 u
C GO GET NEXT CA_
C,
IF i.N T .L
Grj TOl 2
- ~DATE - 67216
I , T IME4)
RD '
SICR0) Gd Ti 235
3650
3660
3670
3680
3690
3700
3720
3730
3740
3750
3760
'3780
3800
38.10
3820
3830
3840
3850
3860
3870
C 3900
C TERMINATION PROCFDURE 3910
C 3q20
~400 WAITE (u,3130) 3930
31A0 -UjNMAT(///24H FINISH CARD ENCOUNTERED) 3940
410 WRIlF (6,3190) - -- - s5
3190 -J'MA T( L )H PROGRAM TERMINATE) 3960
ST OP 3990
C 4000
C ~ERROr M'SSAG[S 4010
C 4020
430 wRITE (6,3200) 4030
3200 FJioAI('>JHJNJMOER Ut- VA:IABLES, P UA .)4J, OUTSIDE OF LIMITS.) 4040
GD TO 410 4050
450 RITt (,, 3220) 4100
3220 FORMAT(37H CARD INCORRECTLY rjNCHED) OR MISSING.1 4110
GL TO 410 4120
470' ITE (6,3240) 4160
3240 FU10M AI ( '00n-PRU3LtMl) 4170
GO T 0 450 '4180
49)0 1 T t 3, 32609
FURiAN IV G LEVcL 0, M!) 0
011f 3260 FIJAMA1('0 1NOLX-PLOT')
0218 .;L) T u 450
0219 - N J
-MA I N DATF =~67216 ~
01984
17/10130 PAGE 0009
4230
4240
4250
17/10/30 - -PAGE 0008
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